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Stratigraphic Relations and Hydrologic Properties of 
the Paintbrush Tuff Nonwelded (PTn) Hydrologic Unit, 
Yucca Mountain, Nevada

By Thomas C. Moyer, Jeffrey K. Geslin, and Lorraine E. Flint

Abstract

The Paintbrush Tuff nonwelded (PTn) 
hydrologic unit, which comprises the Stratigraphic 
interval from the top of the Topopah Spring Tuff 
crystal-rich vitrophyre to the base of the densely 
welded zone in the crystal-poor member of 
the Tiva Canyon Tuff, includes the Pah Canyon 
Tuff, Yucca Mountain Tuff, and interstratified bed 
ded tuff deposits. This report provides unit and 
contact descriptions for the PTn strata, describes 
10 measured Stratigraphic sections through the 
PTn unit, correlates Stratigraphic units through 
boreholes and surface exposures, summarizes the 
hydrologic properties of the PTn units and exam 
ines their variability in Stratigraphic context, and 
presents results from preliminary hydrologic 
models of flow through the PTn.

Several significant observations of PTn 
lithology are described. The Yucca Mountain and 
Pah Canyon Tuffs have abrupt, but poorly con 
strained, transitions from welded and devitrified in 
the north to nonwelded and vitric in the south. 
Several PTn units have depositional features con 
sistent with limited reworking of primary pyro- 
clastic material and alteration that suggests the 
development of incipient paleosols; evidence 
for widespread fluvial reworking is lacking. A 
pumice-fall deposit within the pre-Tiva Canyon 
Tuff bedded tuffs contains crossbeds consistent 
with local eolian reworking; the base of this unit is 
laminated and locally preserves features that sug 
gest its deposition from a high-velocity flow. A 
discontinuous zone of locally intense argillic alter

ation occurs in the upper few meters of a sequence 
of pumice-fall deposits that overlie the Topopah 
Spring Tuff pyroclastic-flow deposit; this alter 
ation may be related to post-emplacement degas 
sing of the underlying ash-flow tuff. Argillic 
alteration in the upper part of the crystal-poor 
vitric zone of the Tiva Canyon Tuff is regionally 
extensive but highly variable in intensity. Most 
PTn Stratigraphic units and marker horizons are 
laterally continuous and can be identified from the 
Yucca Wash area in the north to borehole GU 3 
in the south. Regional correlation shows that 
the PTn unit thins rapidly southward and 
that changes in thickness are due primarily to 
thinning of the pyroclastic-flow deposits of the 
Yucca Mountain Tuff, Pah Canyon Tuff, and an 
unnamed pyroclastic-flow deposit between these 
formations.

The post-Topopah Spring Tuff pumice-fall 
deposits and the nonwelded Pah Canyon Tuff, 
where unaltered, are the most porous deposits 
within the PTn unit (porosity of 45 to 55 percent 
and dry bulk density of 1.1 to 1.2 grams per cubic 
centimeter). These strata have significantly lower 
porosity and higher density where they are locally 
altered to zeolite and clay minerals. In contrast, 
intervals of possibly reworked tephra that occur 
beneath the Pah Canyon Tuff and within the 
pre-Yucca Mountain Tuff bedded tuffs generally 
have less porosity (32 to 48 percent) and higher 
dry bulk density (1.2 to 1.6 grams per cubic centi 
meter). The Yucca Mountain Tuff exhibits abrupt 
changes in properties related to its history of weld 
ing, secondary crystallization, and alteration. As a
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result, borehole samples of the Yucca Mountain 
Tuff have porosity values that range from 2 to 
45 percent and dry bulk density values that range 
from 1.2 to 2.2 grams per cubic centimeter.

Plots of PTn hydrologic properties relative 
to depth show a vertical asymmetry at the upper 
and lower contacts that is created by differences 
in the nature of the welding process; whereas the 
gently gradational upper contact of the PTn unit 
occurs within the lower Tiva Canyon Tuff, 
the sharply gradational lower contact typically 
occurs within a sequence of pumice-fall deposits 
welded by the underlying Topopah Spring Tuff. 
Post-emplacement argillic alteration of the moder 
ately welded, crystal-poor, vitric zone of Tiva 
Canyon Tuff does not greatly perturb vertical 
profiles of bulk density and porosity but produces 
elevated saturation values and significant differ 
ences in porosity determined at relative humidity 
and at high temperature.

The results of preliminary hydrologic flow 
models illustrate the importance of coupling litho- 
logic and hydrologic studies. These models dem 
onstrate that the PTn units control the lateral flow 
of water in the Paintbrush Group, suggest that unit 
thickness within the PTn has a strong influence on 
lateral diversion, and show that the ability of the 
PTn units to transmit water laterally may preclude 
high levels of saturation within them. The prelim 
inary results indicate that future models should 
divide the PTn unit into several hydrologic sub- 
units that include the low-permeability base of 
the Tiva Canyon Tuff, moderately welded Yucca 
Mountain Tuff, thick sections of nonwelded 
Pah Canyon Tuff, and nonwelded bedded tuff 
layers.

INTRODUCTION

Yucca Mountain in Nye County, Nevada, is 
being investigated as a potential site for a high-level 
nuclear-waste repository. The study area, which 
straddles the western boundary of the Nevada Test 
Site, includes land under the jurisdiction of the 
U.S. Department of Energy, U.S. Air Force, and 
Bureau of Land Management. A thick section 
of Tertiary volcanic rocks overlies Paleozoic sedimen 
tary strata in this region (Byers and others, 1976)

(fig. 1). The volcanic strata record the evolution of 
at least seven calderas that compose the Timber 
Mountain-Oasis Valley caldera complex of the south 
western Nevada volcanic field (Byers and others, 1976; 
Sawyer and others, 1994).

Formations of the Paintbrush Group, erupted 
from 12.8 to 12.7 Ma (Sawyer and others, 1994), form 
most of the exposures in the study area (Christiansen 
and Lipman, 1965; Scott and Bonk, 1984) (fig. 1). 
Yucca Mountain is underlain by two voluminous, 
densely welded and devitrified ash-flow tuffs (the Tiva 
Canyon and Topopah Spring Tuffs) that are separated 
by a comparatively thin interval of mostly nonwelded, 
vitric pyroclastic deposits (fig. 2). The contrasting 
physical properties of the nonwelded deposits led 
Montazer and Wilson (1984) and Ortiz and others 
(1985) to designate these strata as the Paintbrush Tuff 
nonwelded (PTn) hydrologic and thermal-mechanical 
units. Preliminary hydrologic models of flow through 
the unsaturated zone at Yucca Mountain indicate that 
the moderate to high porosity, permeability, and stor 
age capacity of the PTn strata, and their abrupt, but gra 
dational upper and lower contacts, may strongly 
influence the downward percolation of surface water 
and the upward or lateral flow of fluids in the unsatur 
ated zone that overlies the potential repository site 
(Montazer and Wilson, 1984; Kwicklis and others, 
1993, 1994). As such, lithologic and Stratigraphic 
characterization of the PTn unit is critical to site suit 
ability studies.

The intent of this study was to clarify strati- 
graphic relations within the PTn unit at Yucca 
Mountain in order to better understand vertical and 
lateral variations in hydrologic properties as they relate 
to the lithologic character of these rocks. This report 
defines informal Stratigraphic units within the PTn 
interval, demonstrates their lateral continuity in the 
Yucca Mountain region, describes lateral and vertical 
variations within them, and characterizes their hydro- 
logic properties and importance to numerical flow 
and transport models. We present tables summarizing 
the depth to Stratigraphic contacts in cored boreholes, 
unit and contact descriptions developed from bore 
hole studies, and unit descriptions and correlations in 
10 measured sections.
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Previous Work

Table 1 lists previously published studies that 
define or describe PTn stratigraphic units and that 
present and discuss hydrologic properties of the PTn 
units. Significant conclusions and observations from 
these studies are annotated below.

The geology of the Yucca Mountain area was 
mapped and described by Christiansen and Lipman 
(1965), Lipman and McKay (1965), and Scott and 
Bonk (1984). Byers and others (1976) summarized the 
stratigraphy and distribution of the Paintbrush Group 
formations, including those in the PTn unit, and related 
them to eruptions of the Claim Canyon caldera. Early 
studies recognized that the Pah Canyon and Yucca 
Mountain Tuffs are simple cooling units that become 
thinner and less welded southward before pinching out 
in the central Yucca Mountain region (Lipman and 
Christiansen, 1964; Byers and others, 1976). These 
workers also noted that the Pah Canyon and Yucca

Mountain Tuffs are separated by a sequence of lavas 
and pyroclastic deposits; Broxton and others (1993) 
subsequently related the pyroclastic deposits to the 
eruptions of the Delirium Canyon and Black Glass 
Canyon rhyolite lavas.

Diehl and Chornack (1990) published a general 
study of bedded tuffs in the Miocene volcanic section 
at Yucca Mountain. These authors recognized the lat 
eral continuity of bedded tuffs within the PTn unit and 
correlated them between boreholes. Moreover, they 
noted a general absence of reworked deposits, a lack of 
widespread erosion between major eruptions, and 
the presence of oxidized zones (weathering) within 
some beds.

The physical and hydrologic properties of sev 
eral samples from the PTn unit were determined as 
part of a preliminary study of intrinsic and relative 
permeability, moisture retention, and general physical 
properties of nonwelded and bedded tuffs at Yucca 
Mountain (Flint and Flint, 1990). Flint and others

Table 1. Summary of previous work on the PTn hydrologic and thermal-mechanical unit

Stratigraphic descriptions, definitions, and contacts

Lipman and Christiansen (1964). Welding zones in the Yucca Mountain Tuff.

Byers and others (1976). Stratigraphy and distribution of the Paintbrush Group.
Spengler and others (1979). Lithologic log of borehole UE 25 a#l.
Spengler and Rosenbaum (1980). Lithologic logs of boreholes UE 25 a#4, a#5, a#6, and a#7.
Maldonado and Koether (1983). Lithologic log of borehole USW G-2.
Scott and Bonk (1984). Description of geologic map units.
Scott and Castellanos (1984). Lithologic log of borehole USW GU-3.
Spengler and Chornack (1984). Lithologic log of borehole USW G 4.
Diehl and Chornack (1990). Description of bedded tuffs.
Broxton and others (1993). Lithologic descriptions of outcrops.
Rosenbaum (1993). Magnetic properties and lithologic description of the lower Tiva Canyon Tuff.
Buesch, Spengler, and others (1996). Macroscopic unit descriptions.
Geslin and Moyer (1995). Lithologic log of borehole USW NRG-7/7 A; lithologic contacts for borehole USW UZ-N11.
Geslin and others (1995). Lithologic logs for three boreholes; lithologic contacts for nine boreholes.
Moyer and others (1995). Lithologic logs for boreholes USW SD-9, SD-l 2, UZ-N31, and UZ-N32.

Hydrologic properties
Peters and others (1984). Hydrologic tests of core samples from boreholes GU 3 and G-4. 
Peters and others (1987). Hydrologic tests of core samples from borehole GU 3. 
Rautman and Flint (1992). Regional variations in rock properties; implications for hydrologic models. 
Rautman and others (1993). Properties of outcrop samples from the lower Tiva Canyon Tuff. 
Istok and others (1994). Properties of outcrop samples from the lower Tiva Canyon Tuff.
Flint and others (1996). Properties of outcrop samples from measured stratigraphic sections in the Yucca Mountain region. 
Rautman and others (1995). Properties of outcrop samples from the lower Tiva Canyon Tuff.

INTRODUCTION



(1996) measured the physical properties of outcrop 
samples and described regional variations in rock 
properties from traverses through the volcanic 
sequence in the Yucca Mountain region. Rautman 
and others (1995) and Istok and others (1994) meas 
ured a series of stratigraphic sections in the lower 
Tiva Canyon Tuff exposed along the east side of 
Solitario Canyon. These researchers recognized two 
flow units within the lower 12 m of the deposit and a 
sharp upward increase in the degree of welding that 
begins in the upper flow unit. This transitional interval 
contains the first significant change in rock properties 
and macroscopic lithology (from densely welded to 
nonwelded tuff) below the present topographic surface 
of Yucca Mountain. As a result, this zone could act as 
a permeability barrier and serve as a potential lateral 
pathway for infiltrating ground water (Rautman and 
others, 1995).
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STUDY METHODS

Stratigraphic relations and unit descriptions were 
developed from study of core recovered from bore 
holes drilled as part of the Yucca Mountain Project 
after 1991. These data were supplemented with obser 
vations gathered from measured sections and core from 
older boreholes. Drill cuttings were not examined in 
this study.

Comparative studies of core samples and surface 
exposures in the Yucca Mountain region (fig. 1) were 
used to divide the formations of the PTn unit into 
informal lithostratigraphic units and to characterize 
variations in the degree of welding, secondary crystal 
lization, alteration, weathering, and reworking. New 
and previously published hydrologic-property data 
were examined in stratigraphic context to constrain 
physical-property variability within the PTn deposits.

Lithology is the principal criterion used to sub 
divide the formations. Bedding features, clast size and 
sorting, and matrix character distinguish the nature of 
primary volcanic deposits (for example, pyroclastic 
flow or pyroclastic fall) from their secondary (redepos- 
ited) equivalents. Additional criteria used to define the 
lithostratigraphy included degree of welding; second 
ary crystallization; alteration; pumice-clast content and 
size; lithic-clast content, size, and lithology; matrix 
color, content, and composition; and phenocryst 
assemblage and content. Visual estimates were made 
of the amounts of pumice clasts, lithic clasts, and phe- 
nocrysts using charts published by Kollmorgen 
Instruments Corporation (1992). The phenocryst 
assemblage, alteration minerals, and secondary crystal 
lization textures were characterized with the aid of a 
hand lens or binocular microscope. The colors of pum 
ice clasts, lithic clasts, and matrix were described using 
Munsell color charts (Geological Society of America, 
1991; Kollmorgen Instruments Corporation, 1992).

Hydrologic- and physical-property data utilized 
in this study include porosity, bulk density, particle 
density, saturated hydraulic conductivity, water con 
tent, and water potential. These properties were deter 
mined from borehole and outcrop samples using 
methods described in Flint and others (1996).

Hydrologic divisions within the PTn unit 
were evaluated using TOUGH (Pruess, 1987), an 
integrated, finite-difference code that simulates 
the three-dimensional coupled transport of water, 
vapor, air, and heat in porous and fractured media 
(Preuss 1987, 1991). For the purposes of modeling, 
the PTn unit was divided into 12 discrete layers 
on the basis of lithology and physical properties. 
Average physical parameters were computed for 
each layer using data determined from samples 
from boreholes USW NRG-6, SD-7, SD-9, 
SD-12, UZ-14, UZ-N31, UZ-N32, UZ-N37, 
UZ-N53, UZ-N54, UZ-N55, and UE-25 UZ #16 
(fig. 1; table 2). These parameters were used as input 
to numerically model flow in two cross sections. The 
first cross section was constructed between bore 
holes UZ-14 and SD-9 (fig. 1), where the PTn unit 
averages 75 m in thickness and where it includes 
significant amounts of the Pah Canyon and Yucca 
Mountain Tuffs. The second cross section was con 
structed between boreholes UZ N53 and UZ #16 
(fig. 1), where the PTn unit averages less than 25 m 
and where the Pah Canyon Tuff is absent and the
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Yucca Mountain Tuff is thin. In both sections, an east 
ward dip of 6.5° was used to simulate the structurally 
tilted beds of the PTn and to allow for lateral fluxes if 
high saturations developed. To establish steady-state 
conditions in each simulation, a bottom boundary was 
set with a fixed water potential representing measured 
field conditions of about 1 MPa, and lateral boundaries 
were set to no-flow conditions. Once steady state was 
achieved, the downslope lateral boundary was changed 
to a flow boundary to ensure against ponding, the con 
ductivity of the overlying welded Tiva Canyon Tuff 
was increased by two orders of magnitude to simulate 
the contribution of fracture permeability, and fluxes of 
0.1 mm/yr and 1 mm/yr were applied at the surface. 
Saturations and fluxes were computed for each grid 
location. These models help to identify the lithologic 
layers that control the development of high saturations 
and lateral diversions and point out layers that do not 
merit separate hydrologic designation.

STRATIGRAPHY AND DESCRIPTION 
OF THE PTn UNIT

Figure 2 illustrates the general stratigraphy of 
the Paintbrush Group at Yucca Mountain using the 
stratigraphic nomenclature of Buesch, Spengler, and 
others (1996). The PTn hydrologic unit as defined by 
Montazer and Wilson (1984) comprises the strati- 
graphic interval from the base of the densely welded 
zone of the Tiva Canyon Tuff and the top of the densely 
welded zone of the Topopah Spring Tuff. Included are 
the moderately welded and non- to partially welded 
subzones of the crystal-poor vitric zone of the Tiva 
Canyon Tuff (Tpcpv2 and Tpcpvl, respectively), the 
pre-Tiva Canyon Tuff bedded tuffs (Tpbt4), the Yucca 
Mountain Tuff (Tpy), the pre-Yucca Mountain Tuff 
bedded tuffs (Tpbt3), the Pah Canyon Tuff (Tpp), the 
pre-Pah Canyon Tuff bedded tuffs (Tpbt2), and the 
non- to partially welded and moderately welded sub- 
zones of the crystal-rich vitric zone of the Topopah 
Spring Tuff (Tptrv3 and Tptrv2, respectively).

Table 2. Layer descriptions, thicknesses, and parameters used in hydrologic models

[m, meter; cm3, cubic centimeter; g, gram; Pa, pascals; *, approximate unit lithology-model layers defined by porosity variations]

Model 
layer

TCW

SB3

SB2

SB1

BT4

YM3

YM2

YMI

BT3

PCI

BT2

TN2

TNI

TC1

TR2

TRI

Lithostratigraphic 
unit 

description

Tpc, densely welded

Tpcpv2

Tpcpv2 and Tpcpv 1

Tpcpvl

Tpbt4

Tpy, nonwelded

Tpy, moderately welded

Tpy, nonwelded

Tpbt3

Tpp

Tpbt2

Tptrv3*

Tptrv2*

Tptrvl*

Tptrn2*

Tptrn 1 *

Model layer 
thickness1

South 
(m)

40

I

2

3

2

4

6

3

2

I

I

5

North 
(m)

12

3

4

4

2

3

7

4

6

32

6

4

2

1

10

5

Porosity 
(cm3/cm3)

0.08

0.20

0.30

0.40

0.44

0.42

0.20

0.32

0.38

0.48

0.55

0.55

0.28

0.03

0.08

0.18

Particle 
density 
(g/cm3)

2.50

2.42

2.40

2.35

2.46

2.20

2.30

2.50

2.43

2.25

2.30

2.38

2.28

2.50

2.52

2.58

Perme 
ability 
(m2)

IE-18

5E-17

5E-16

IE-13

IE-13

5E-14

5E-15

IE-13

IE-13

IE-13

5E-12

IE-12

IE-15

IE-19

IE-18

IE-16

van Genuchten 
parameters

alpha 
(Pa)

1.1E-6

1.4E-7

4.1E-6

3. 1 E-5

I.4E-5

2.8E-5

3.8E-6

5.6E-6

I.OE-5

3.8 E-6

3.5E-5

3.0E-5

8.0E-6

2.7E-6

1.1E-6

5.9E-6

m

0.320

0.516

0.235

0.253

0.213

0.286

0.437

0.231

0.315

0.480

0.281

0.281

0.512

0.289

0.320

0.428

South cross section between boreholes UZ-N53 and UZ #16; north cross section between UZ-14 and SD-9.
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In this section, the PTn strata are divided into 
informal subunits that can be traced throughout the 
Yucca Mountain region (fig. 3). The general lithologic 
and hydrologic character of these units is summarized 
in table 3. This section begins with an overview of 
the regional lithologic character of the PTn strata. 
Succeeding segments, arranged in descending strati - 
graphic order, provide generalized unit and contact 
descriptions for the Paintbrush Group formations and 
the interstratified bedded tuffs that compose the PTn 
unit, discusses their general distribution and correla 
tion, summarizes their vertical and lateral variability, 
and presents macroscopic observations of welding, 
secondary crystallization, alteration, and reworking. 
Appendix 1 provides more detailed descriptive data 
and lists borehole and measured section intervals 
where units and their representative features are 
well preserved. Unit thicknesses and descriptions 
from measured sections are given in appendix 2. 
Appendix 3 lists the depths to unit contacts in cored 
boreholes.

Regional Lithologic Variations

The PTn unit is composed primarily of inter- 
bedded pumiceous fallouts and variably welded 
pyroclastic-flow deposits; reworked tuffaceous 
material forms a minor component. The unit thins 
markedly from north to south across Yucca Mountain 
(fig. 4). In the Sever Wash-Azreal Ridge area, approx 
imately 3 km north of the potential repository bound 
ary, the PTn unit exceeds 150 m apparent thickness. 
Within the potential repository site, the apparent thick 
ness of the PTn unit ranges from slightly more than 
60 m in the north to slightly less than 30 m in the south. 
The limited data from south of the potential repository 
site indicate that the unit has a comparatively consis 
tent thickness in this region.

Most of the thickness variation of the composite 
PTn unit is attributable to southward thinning of three 
units. The Yucca Mountain Tuff thins abruptly within 
the potential repository site and is absent in southern 
boreholes and outcrops. A nonwelded pyroclastic- 
flow deposit within the pre-Yucca Mountain Tuff bed 
ded tuffs (designated as unit Tpbt3E; fig. 3) varies in 
apparent thickness from more than 30 m in the Sever 
Wash-Azreal Ridge area to less than 30 cm at the north 
ern boundary of the potential repository site. The

Pah Canyon Tuff, which exceeds 60 m apparent thick 
ness in the Azreal Ridge area, thins from slightly less 
than 30 m to less than 3 m across the potential reposi 
tory site before pinching out near the southern site 
boundary. The remaining strata within the PTn unit 
vary insignificantly across the region.

Figures 5 and 6 illustrate that, despite the sig 
nificant variation in PTn composite thickness, the 
lithostratigraphic units defined in this report can be 
correlated across the Yucca Mountain region. Impor 
tantly, it is possible to identify the stratigraphic hori 
zons at which the Yucca Mountain Tuff, unit E of 
the pre-Yucca Mountain Tuff bedded tuffs, and the 
Pah Canyon Tuff would occur in areas where they are 
absent (note the locations where Tpp and Tpy pinch 
out in figs. 5 and 6). This allows the physical properties 
of PTn samples to be compared in stratigraphic context 
and permits straightforward evaluation of lateral vari 
ability in the hydrologic properties of individual units 
or beds. Moreover, knowledge of regional correlations 
can be used to estimate offset in regions where the PTn 
unit is structurally thinned and to constrain strati- 
graphic relations in boreholes where recovery is poor.

As shown in figures 5 and 6 (also see fig. 3 
and appendix 3), several key beds can be used to 
determine stratigraphic context. Distinctive marker 
horizons found throughout the Yucca Mountain 
region include ash layers 1 and 2 and unit D of the 
pre-Pah Canyon Tuff bedded tuffs, units A, D, and F 
of the pre-Yucca Mountain Tuff bedded tuffs, and 
the incipient paleosol of unit B of the pre-Tiva Canyon 
Tuff bedded tuffs (fig. 3 and table 3).

The PTn unit is predominantly nonwelded within 
the potential repository-site area. Exceptions include 
the upper and lower contacts, where PTn deposits 
grade from nonwelded to densely welded, and the 
Yucca Mountain Tuff in the northern part of the 
potential site area, which varies from nonwelded to 
partially welded. The Yucca Mountain Tuff becomes 
increasingly welded northward and displays an abrupt 
transition from wholly vitric to partially vitric with a 
devitrified interior near the northern repository bound 
ary. The character of this transition and its exact loca 
tion cannot be determined from the available data. 
A similar, but more poorly constrained, welding transi 
tion occurs within the Pah Canyon Tuff in the region 
north of the potential repository site.

8 Stratigraphic Relations and Hydrologic Properties of the Paintbrush Tuff Nonwelded (PTn) Hydrologic Unit, 
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Buesch,
Spengler,

and others,
1996)

XXXXXXXX 
CKXXXXXXX
XXX3CXiCXX

xxxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxx

Tiva Canyon Tuff

Moderately to densely welded, devitrified, 
pyroclastic-flow deposit

Densely welded, vitric, pyroclastic-flow 
deposit (present only in south)

Moderately welded, vitric

Non- to partially welded, vitric 
Pre-Tiva Canyon Tuff bedded tuff
B = Pumice-fall deposit
A = Pyroclastic-flow deposit

Yucca Mountain Tuff
Pyroclastic-flow deposit - welded to north

Pre-Yucca Mountain Tuff bedded tuff 

G = Slightly reworked, pumiceous fallout deposit 

F = Gray glass lithic-clast fallout deposit

= Ash layer (south) pyroclastic-flow deposits (north) 
D = Devitrified lithic-clast fallout deposit 
C = Slightly reworked, pumiceous fallout deposit

B = Reworked, matrix-rich, pumiceous fallout deposit 

A = Coarse-grained, pumiceous fallout deposit

Pah Canyon Tuff

Pyroclastic-flow deposits - welded to north

Pre-Pah Canyon Tuff bedded tuff
D = Reworked tuff 

Red argillic alteration horizon
Upper 2-cm-thick ash layer

C = very pale orange to light gray fallout deposit

Lower 2-cm-thick ash layer 
Topopah Spring Tuff - pumice-fall deposit 

B = light brown fallout deposit

A = gray, variably welded fallout deposit

Topopah Spring Tuff - pyroclastic-flow deposit

Densely welded, pyroclastic-flow deposit, 
locally overlain by moderately welded 
pyroclastic-flow deposit

Figure 3. Schematic stratigraphic column of the Paintbrush Tuff nonwelded hydrologic unit. Paintbrush 
Group nomenclature shown on left follows Buesch, Spengler, and others (1996). Informal units defined in 
this report indicated by capital letters.
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Figure 4. Isochore map showing the composite apparent thickness of the Paintbrush Tuff nonwelded hydro- 
logic unit. Values for boreholes are drilled thickness uncorrected for deviation from vertical.
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Alteration of the PTn units can be divided into 
three general categories. Alteration associated with 
syn- or post-depositional surficial processes occurs 
on a regional scale and is confined to a specific bed 
or zone. Examples include the incipient paleosol 
formed at the top of pre-Tiva Canyon Tuff bedded 
tuff unit B (Tpbt4B; fig. 3 and table 3) and the weath 
ered or reworked pumice-fall deposit of the pre-Yucca 
Mountain Tuff bedded tuffs unit B (Tpbt3B; fig. 3 
and table 3). Alteration of these units is ubiquitous, 
although the paleosol of unit Tpbt4B is variably devel 
oped.

Alteration related to post-depositional welding 
and cooling of pyroclastic deposits occurs on a 
regional to local scale and is confined to a specific 
bed or zone. Examples include the argillically altered 
zones that occur beneath the devitrified interiors of 
the Tiva Canyon (Tpc), Yucca Mountain (Tpy), and 
Pah Canyon Tuffs (Tpp), the pervasive alteration of 
pre-Pah Canyon Tuff bedded tuff unit B (Tpbt2B; 
fig. 3 and table 3), and the reddish, clay-rich horizon 
developed on the top of the pre-Pah Canyon Tuff bed 
ded tuff unit C (Tpbt2C; fig. 3 and table 3). Whereas 
argillization of glassy Tpc, Tpy, and Tpp material is 
most likely related to cooling of these pyroclastic-flow 
deposits, alteration of units Tpbt2C and Tpbt2B is 
probably related to cooling and degassing of the under 
lying Topopah Spring Tuff pyroclastic-flow material. 
The reddish clay alteration at the top of unit Tpbt2C, 
which varies markedly in intensity and lateral continu 
ity (it is absent locally), may be related to localized 
fumarolic or hydrothermal alteration. Exposures of 
Tpbt2B along Solitario Canyon cliff show that alter 
ation of this unit, although more widespread, also var 
ies in intensity and vertical extent.

Alteration related to faulting is local and not 
confined to specific beds or zones. Examples include 
the zeolitization and silicification of the Pah Canyon 
Tuff and pre-Pah Canyon Tuff bedded tuffs in bore 
hole NRG #4 and alteration of these units and over 
lying PTn strata in borehole NRG #2B.

Three intervals within the PTn unit contain evi 
dence for reworking and redeposition of primary pyro 
clastic material on a local to regional scale. Large- 
scale crossbedding and abrupt thickness variations 
within unit Tpbt4B (fig. 3 and table 3) are consistent 
with local eolian reworking of primary pumiceous fall 
out. A variety of features are consistent with disruption

of the post-Yucca Mountain Tuff paleosurface by a tur 
bulent, high-velocity process, perhaps a volcanic blast 
or surge. These include locally truncated beds in the 
upper part of Tpbt3, angular blocks of Yucca Mountain 
Tuff that are dislocated and incorporated in over 
lying material along the Tpy-Tpbt4 contact, planar 
to low-angle cross laminations in the lower part of 
unit Tpbt4B, and a brownish tuff that contains a mix 
of lithologies, including clasts of a distinctive poorly 
vesicular glass, which locally occurs at the Tpy-Tpbt4 
contact. Pre-Pah Canyon Tuff bedded tuff unit D 
(Tpbt2D, fig. 3 and table 3) is a cross-laminated, peb 
bly sandstone at measured section PTn#5, which sug 
gests a localized component of fluvial reworking in its 
formation.

Crystal-Poor Tiva Canyon Tuff (Tpcp)

The interval from the base of the Tiva Canyon 
Tuff upward to the transition from moderate to dense 
welding in the crystal-poor member of the formation 
composes the upper part of the PTn hydrologic unit. 
Within the lower Tiva Canyon Tuff, the transition 
from moderate to dense welding occurs at the base 
of the densely welded subzone of the crystal-poor 
vitric zone (Tpcpv3) or, if Tpcpv3 is not present, 
within the columnar subzone of the crystal-poor lower 
nonlithophysal zone (Tpcplnc) (Buesch, Spengler, and 
others, 1996). PTn units in the Tiva Canyon Tuff 
include the non- to partially welded and moderately 
welded subzones of the crystal-poor vitric zone 
(Tpcpvl and Tpcpv2, respectively) and, locally, the 
moderately welded basal portion of Tpcplnc. These 
units reflect an upward increase in the degree of weld 
ing (Buesch, Spengler, and others, 1996).

A pyroclastic-flow boundary locally is visible 
in the crystal-poor vitric zone of the Tiva Canyon Tuff 
(Rautman and others, 1993; Istok and others, 1994). 
The flow boundary is marked by a crystal- and shard- 
rich horizon approximately 5 cm thick, with well- 
developed horizontal laminations or cross laminations 
(fig. 7) that separates a lower pumice-rich flow unit 
from an overlying pumice-poor flow unit.

The lower flow unit has a variable thickness (see 
Istok and others, 1994). In outcrops at Isolation Ridge, 
(measured section PTn#l, fig. 1), the flow boundary 
occurs within Tpcpvl, approximately 1.4 m above 
the base of the formation. Along the eastern side of
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Figure 7. Photograph of pyroclastic-flow boundary in the moderately welded subzone of the Tiva Canyon Tuff crystal- 
poor vitric zone taken along Solitario Canyon cliff, near measured section PTn#8. The flow-unit boundary occurs at 
the hammerhead and is marked by a crystal-rich horizon with parallel laminae. Note fiamme in the upper flow unit.

Solitario Canyon (measured section PTn#3, fig. 1), the 
flow boundary occurs within Tpcpv2, approximately 
4.8 m above the base of the formation. In core from 
borehole UZ Nl 1 (fig. 1), a dramatic upward decrease 
in pumice content occurs approximately 2.7 m above 
the base of the formation. Multiple swarms of pumice 
clasts locally are visible in the base of Tpcplnc, sug 
gesting that additional flow boundaries may be present 
near the base of the Tiva Canyon Tuff.

Unit and contact descriptions are given below for 
units of the Tiva Canyon Tuff that are included in the 
PTn hydrologic unit. These descriptions were devel 
oped from observations of core recovered from bore 
holes UZ-N11, NRG-7/7A, SD-9, NRG-6, UZ-N31, 
UZ-N32,andSD-12(fig. 1). Additional observations 
of core from older boreholes and of exposures at nine 
measured sections along the east side of Solitario 
Canyon, near Yucca Wash, and in Abandoned Wash 
(fig. 1) were used to clarify stratigraphic relations and 
lateral variability of these units.

Generalized Unit and Contact Descriptions

Crystal-Poor Lower Nonlithophysal Zone, 
Columnar Subzone (Tpcplnc)

The lowest part of the columnar subzone of the 
crystal-poor nonlithophysal zone is included as part of 
the PTn hydrologic unit where the crystal-poor vitro- 
phyre (Tpcpv3) is absent. This unit is moderately 
welded and devitrified. The matrix is grayish orange- 
pink or grayish orange with light-brown to orange- 
brown devitrified shards. Deformed pumice clasts 
(1 to 7 percent) are typically light to moderate brown 
and devitrified or vapor-phase altered, or locally black 
and vitric. Phenocrysts (2 to 3 percent) are mostly 
feldspar.

The upper and lower contacts of the unit are gra- 
dational over a few decimeters. The lower contact is 
defined by the upward transition from vitric to devitri 
fied matrix. The upper contact is defined by the upward 
loss of visible matrix porosity that accompanies the 
change from moderate to dense welding.
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Crystal-Poor Vitric Zone, 
Moderately Welded Subzone (Tpcpv2)

This unit is a moderately welded, vitric, 
pyroclastic-flow deposit. The matrix is composed 
of vitric shards enclosed in devitrified or vitric ash. 
The shards are slightly deformed at the base of the unit 
and moderately deformed at the upper contact. Matrix 
colors include shades of grayish orange and light 
brown or rarely shades of gray. Shards are dominantly 
black or grayish orange to light brown, with common, 
deformed bubble-wall textures. Lithic clasts (1 to 
2 percent), typically smaller than 10 mm, are mostly 
of devitrified volcanic rock. Pumice clasts (2 to 
10 percent) are dominantly grayish pink or grayish 
orange-pink and altered (argillic?), or rarely white or 
grayish black and vitric. Most have diameters between 
5 and 15 mm. Phenocrysts (1 to 3 percent) are mostly 
feldspar with rare biotite (locally oxidized). The mod 
erately welded crystal-poor vitric subzone commonly 
exhibits argillic (?) alteration that varies in intensity 
laterally. This alteration, characterized by yellow to 
orange discoloration, typically extends upward into 
the base of the moderately welded columnar subzone 
and locally extends downward into the non- to partially 
welded vitric subzone. An excellent example of 
this altered interval is preserved in core from bore 
hole UZ-N11.

The lower and upper contacts of the unit are gra- 
dational over a few decimeters. Rock fracture is the 
primary criterion for defining the Tpcpv2-Tpcpvl con 
tact; whereas the rock in Tpcpv2 breaks across shard 
boundaries, that in Tpcpvl breaks around shard bound 
aries. Where the crystal-poor vitrophyre (Tpcpv3) is 
present, the upper contact of Tpcpv2 is marked by the 
loss of visible matrix porosity that accompanies the 
change from moderate to dense welding. Where 
Tpcpv3 is absent, the upper contact is marked by the 
change from vitric to devitrified matrix.

Crystal-Poor Vitric Zone, 
Non- to Partially Welded Subzone (Tpcpvl)

This unit is a vitric, non- to partially welded, 
pyroclastic-flow deposit. The matrix is composed of 
vitric shards and devitrified or vitric ash. Matrix colors 
typically grade downward from grayish orange, dark 
yellowish orange, or gray to very light gray, or pinkish 
gray. Shards, dominantly black or light brown with 
common bubble-wall textures, are slightly deformed

near the top of the unit and nondeformed at the base. 
Shards increasingly stand out in relief on a fresh sur 
face as welding decreases downward. Lithic clasts 
(1 to 2 percent), which include medium gray or very 
light-gray and subordinate pale yellowish-brown or 
grayish-red devitrified volcanic rock, are typically less 
than 10 mm diameter. Pumice clasts typically compose 
2 to 12 percent but may be as high as 25 to 30 percent 
at the tops of flow units. Pumice clasts are dominantly 
altered (argillic?) and moderate orange-pink or grayish 
orange-pink, and subordinately vitric and pinkish gray, 
pale red, or very pale orange. Pumice-clast sizes are 
variable. Most clasts are smaller than 10 mm; however, 
some clasts near the base of the unit exceed 80 mm in 
diameter. Phenocrysts (1 to 3 percent) are mostly feld 
spar with rare biotite (locally oxidized).

The base of the formation typically is marked by 
a coarse ground layer that is interpreted as a surge or 
lag deposit. The ground layer generally appears as a 
reversely graded or crossbedded, pumiceous deposit. 
Pinkish-gray, vitric pumice clasts (30 to 40 percent) 
typically have diameters of 5 to 15 mm that grade 
upward to 10 to 30 mm (rarely up to 50 mm). The 
ground layer contains approximately 1 percent lithic 
clasts and 1 to 2 percent crystals in a gray, vitric matrix. 
The lower contact of this unit, and the formation, is 
sharp, with the ground layer overlying the reddish- 
pink, pumiceous deposit at the top of the pre-Tiva 
Canyon Tuff bedded tuffs (Tpbt4).

Unit Distribution and Thickness

The Tiva Canyon Tuff is interpreted to have 
erupted from a source within the Claim Canyon 
caldera, a few kilometers to the north of Yucca 
Mountain (Byers and others, 1976). The Tiva Canyon 
Tuff interval included within the PTn hydrologic unit 
occurs throughout the Yucca Mountain area (for exam 
ple, Buesch, Spengler, and others, 1996; Geslin and 
others, 1995). The thickness of the moderately welded 
interval in Tpcplnc is greatest, approximately 3 m, in 
boreholes in the eastern and northern part of Yucca 
Mountain; the interval pinches out to the south where 
the crystal-poor vitrophyre is present (appendixes 2 
and 3; fig. 1). A maximum thickness of Tpcpv2 of 
6.2 m was observed in core from borehole GU 3. 
A minimum thickness of Tpcpv2 of 0.5±0.2 m was 
observed in core from borehole UZ #16; however, this 
core is highly altered and the loss of vitric material at
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the upper contact may reflect low-temperature alter 
ation and not high-temperature devitrification. Else 
where, a minimum thickness of Tpcpv2 of 1.2 m was 
observed in core from borehole SD-9. A maximum 
thickness of Tpcpvl of 9.6 m was observed in core 
from borehole SD-9, and a minimum thickness of 
1.2 m was observed in core from borehole UZ N31.

An isochore map of the combined thicknesses of 
Tpcpv 1 and Tpcpv2 in the Yucca Mountain area by 
Buesch, Nelson, and others (in press) shows a variable 
combined thickness that is generally greatest in the 
southern and western parts of the area. An isochore 
map of the combined thicknesses of Tpcpvl and 
Tpcpv2, produced from data collected in this study 
(a more limited study area, fig. 8), suggests that the 
combined thicknesses of Tpcpv2 and Tpcpvl is great 
est in the northern part of the potential repository area 
and is least in the Split Wash area in the eastern part of 
the potential repository.

Units of the lower part of the Tiva Canyon Tuff 
are correlated through a series of stratigraphic sections 
measured along the eastern side of Solitario Canyon 
(fig. 9). Figure 9 illustrates that Tpcpvl thickens to the 
south, is thinnest in the middle of the transect (in the 
area of potential repository), and has a variable thick 
ness to the north. The thickness of the moderately 
welded interval in the Tiva Canyon Tuff (Tpcpv2 
and the moderately welded part of Tpcplnc) also 
varies along Solitario Canyon cliff, being thickest at 
measured sections PTn#l 1 and SC#2. The combined 
thicknesses of the non- to partially and moderately 
welded intervals is generally least in the middle of the 
transect, in the area of the potential repository.

Pre-Tiva Canyon Tuff Bedded Tuffs (Tpbt4)

The pre-Tiva Canyon bedded tuffs (Tpbt4) 
are thin, nonwelded, laterally continuous deposits 
found throughout the study area. This study divides 
Tpbt4 into two informal units; a brown, lithic-rich, 
pyroclastic-flow deposit (unit A) overlain by a white 
to light-gray, well-sorted, pumiceous deposit (unit B). 
Unit B, as discussed below, is interpreted to be a 
pumice-fall deposit that overlies a basal surge or blast 
deposit. Unit B also has features suggesting local 
eolian (?) reworking and the development of an incipi 
ent paleosol (?).

Unit and contact descriptions given below 
for Tpbt4 were developed from observations of core 
recovered from boreholes NRG 7/7A, NRG 6, 
UZ-N11 andUZ#16. Additional observations of core 
from several older boreholes and of exposures at nine 
measured sections along the east side of Solitario 
Canyon and in Abandoned Wash (fig. 1; appendix 2) 
were used to clarify stratigraphic relations and lateral 
variations. Many key observations for unit B were 
made at measured section PTn# 11 (figs. 1 and 10; 
appendix 2).

Generalized Unit and Contact Descriptions

Unite

Unit B is a well-sorted, light-gray, pumiceous 
deposit. The unit exhibits abrupt lateral changes in 
thickness; in outcrop it thickens from 50 cm to more 
than 2 m within a few tens of meters laterally. Unit B 
is composed primarily of vitric pumice clasts (90 to 
95 percent) that are white to grayish orange-pink and 
1 to 3 mm in diameter; pale-red to medium light-gray 
devitrified lithic clasts (2 to 5 percent); and phenocrysts 
(2 to 3 percent) of feldspar and rare hornblende. The 
upper and lower contacts of unit B are sharp and depo- 
sitional.

The lowermost 5 to 10 cm of unit B contains par 
allel horizontal laminae that may have been deposited 
by a pyroclastic surge or blast (fig. 10). At measured 
section PTn#l I, these laminae pinch and swell around 
angular blocks eroded from the underlying Yucca 
Mountain Tuff (fig. 10). Pumice clasts are notably 
coarser (2 to 10 mm) on one side of the blocks and may 
have been deposited in "eddies" created on the lee side 
if the blocks during high flow regime transport and 
deposition (fig. 10). Additional description of this 
interval is provided in the section that describes the 
upper contact of the Yucca Mountain Tuff.

Where unit B is thin, a 50- to 60-cm-thick, struc 
tureless fallout deposit overlies the laminated horizon. 
A few faint horizontal laminae locally occur within the 
massive interval. The fallout deposit grades upward 
into a distinctive, reddish-orange incipient paleosol (?) 
that forms 1 to 2 percent of the rock and that occurs 
either as matrix and/or a coating on grains. The incip 
ient paleosol (?) is locally absent or poorly developed.
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inflection in 
outcrop

Figure 10. Photograph and sketch of an outcrop at measured section PTn#11 (fig. 1; appendix 2). This 
outcrop contains the abrupt thickness change, crossbedding, and basal laminae characteristic of the pre-Tiva 
Canyon Tuff bedded tuffs (Tpbt4), an underlying interval of brown tuff that contains blocks of lithified Yucca 
Mountain Tuff (Tpy), and truncated bedding in the top of the pre-Yucca Mountain Tuff bedded tuffs (TpbtS). 
Geologic hammer shows scale.
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In areas where unit B is thicker, the fallout can 
approach 1 m thickness and be overlain by 0.5 to 1.5 m 
of crossbedded, pumiceous tuff that may be an eolian 
deposit (fig. 11). Excellent examples of crossbedding 
in unit B can be seen at measured section PTn#l 1, in 
outcrops immediately south of measured section SC#1 
and slightly south of measured section PTn#9 (fig. 11), 
and in core from borehole UZ Nl 1. At measured 
section PTn#l 1, the crossbeds are oriented 40° 
(N40W), 35° (E), appear to pinch and swell, and appear 
to have alternating light- and dark-gray laminae. Typ 
ically, the cross laminae are overlain by 20 to 40 cm of 
massive tuff with a reddish-orange incipient paleosol 
(?) developed on its upper surface (fig. 11).

Unit A

Unit A is a brown, nonwelded, pyroclastic-flow 
deposit. The content of matrix, pumice clasts, and 
lithic clasts in unit A varies by location. The matrix 
(ranging from 30 to 70 percent) contains abundant dark 
yellowish-orange to black glass shards with bubble- 
wall textures. White, vitric pumice clasts (ranging 
from 2 to 25 percent) have diameters between 7 and 
14 mm. Lithic clasts (ranging from 10 to 35 percent) 
are mostly smaller than 5 mm and include medium 
light-gray to pale-red devitrified lava, black obsidian, 
and light-gray perlitic glass. Unit A is crystal poor 
(less than 1 percent), with crystals of feldspar, pyrox 
ene, and rare biotite.

Unit Distribution and Thickness

Pre-Tiva Canyon Tuff bedded tuffs were 
observed in core from all boreholes and measured sec 
tions examined in this study. Byers and others (1976) 
inferred the source of these tuffs to be within the Claim 
Canyon caldera, north of Yucca Mountain. The cumu 
lative thickness of Tpbt4 reaches a maximum of 4.3 m 
in borehole UZ Nl 1 and a minimum of 0.3 m in bore 
hole UZ-N54 (fig. 1).

Unit B occurs in all locations except in core from 
borehole UZ N54. The unit has a maximum observed 
thickness of 4.3 m in core from borehole UZ Nl 1. 
This study and previous studies (for example, Rautman 
and others, 1993) note that abrupt lateral thickness 
variations characterize unit B. Importantly, isochore 
maps constructed at site scale of unit B and of the com 
bined thicknesses of units A and B do not depict the 
abrupt thickness changes that occur on the scale of 
meters.

Unit A is thin and discontinuous in the study 
area. The unit was observed in core from nine 
boreholes but has not been found in outcrop. A 
maximum thickness of 1.1 m occurs in core from 
borehole UZ 7A. Unit A is limited to the subsurface 
on the east side of Yucca Mountain where it apparently 
forms two west-directed lobes in the middle of the 
potential repository site (fig. 12). The distribution of 
unit A suggests that its source may have been to the 
east of Yucca Mountain, not from the Claim Canyon 
caldera.

Features of Reworking

Unit B of the pre-Tiva Canyon Tuff bedded 
tuffs contains two features created by post-depositional 
surficial processes: large-scale crossbedding (fig. 11), 
present in areas where the unit is thick, and the reddish- 
orange, relatively matrix-rich top of the unit. The inter 
pretation of large-scale crossbedding as evidence of 
eolian reworking contrasts the conclusion of Diehl and 
Chornack (1990) that there has been no reworking of 
the nonwelded bedded tuffs at Yucca Mountain. The 
form.of crossbedding observed in unit B is similar to 
crossbedding observed in traverse sections of eolian 
deposits in barchanoid ridges (Brookfield, 1984). 
McKee (1979), summarizing a study of modern 
barchan dunes and barchanoid ridges, notes that large- 
scale crossbeds that dip 30° to 34°, with low-angle 
bounding surfaces (less than 8°), are indicative of these 
deposits. The crossbedding in unit B at measured sec 
tion PTn#l 1 dips 35°, and the bounding surface shown 
in figure 11 appears to be low angle.

Christiansen and others (1977) interpreted unit B 
as the basal pumice-fall deposit of the Tiva Canyon 
Tuff, implying that the contact between unit B and the 
overlying pyroclastic-flow deposits does not represent 
a significant depositional hiatus. This interpretation 
apparently precludes development of an incipient 
paleosol and indirectly implies that the red horizon is a 
"baked zone" related to the overlying Tiva Canyon 
Tuff. However, it is more likely that the red color in the 
top of unit B is from oxidation of ferruginous clay 
washed in during rainstorms (Diehl and Chornack, 
1990) than from iron in a pyroclastic deposit that is 
poor in total iron and iron-bearing minerals such as 
biotite and hornblende. Diehl and Chornack (1990) 
refer to iron-stained horizons, like the one at the top of 
unit B, as "weathered zones," and the term "incipient 
paleosol" is used here in the same sense.
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bounding surface (?) 

massive pumice-fall deposit

Figure 11. Photograph and sketch of pre-Tiva Canyon Tuff bedded tuffs (Tpbt4) in an outcrop near measured 
section PTn#9 (fig. 1). This outcrop contains an excellent example of the large-scale crossbedding in unit B. 
The incipient paleosol (darker coloration) characteristic of unit B can be seen in the upper right of the photo 
graph and sketch.
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Figure 12. Isochore map showing apparent thickness distribution of pre-Tiva Canyon Tuff bedded tuff (Tpbt4) 
unit A. Values for boreholes are drilled thicknesses uncorrected for deviation from vertical.
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Yucca Mountain Tuff (Tpy)

Seven boreholes drilled since 1991 contain 
complete stratigraphic sequences of vitric to variably 
altered Yucca Mountain Tuff (Tpy). The formation 
is nonwelded in boreholes UZ N53, UZ N54, 
UZ-N55, UZ #16, and NRG #2B and non- to partially 
welded in boreholes SD-9 and NRG-7/7A (fig. 1). 
Boreholes USW UZ-N11, UZ-N33, and UZ-N34 
(fig. 1) preserve partial stratigraphic sequences of Tpy 
that vary downward from vitric and nonwelded to 
devitrified and partially to moderately welded. These 
cores contain the contact between the Yucca Mountain 
Tuff and overlying units of pre-Tiva Canyon Tuff bed 
ded tuffs (Tpbt4) or Quaternary-Tertiary alluvium or 
colluvium (QTac). In contrast, borehole UZ 14 (fig. 1) 
contains the contact between the Yucca Mountain Tuff 
and underlying strata of pre-Yucca Mountain Tuff 
bedded tuffs (Tpbt3) and exhibits a downward transi 
tion from devitrified and moderately welded to vitric 
(partially altered) and nonwelded.

Vitric to variably altered Yucca Mountain Tuff is 
non- to partially welded in older boreholes a#4, a#6, 
and a#7 and nonwelded in boreholes a#5 and G-4 
(fig. 1). The upper and lower formation contacts were 
recovered in boreholes a#4, a#6, and a#7. The forma 
tion is partially recovered from borehole G 2 (fig. 1), 
where it varies downward from moderately welded and 
devitrified to nonwelded and vitric or altered. This 
core preserves the lower formation contact with strata 
of the pre-Yucca Mountain Tuff bedded tuffs.

The Yucca Mountain Tuff is exposed in cliffs 
on the south side of Yucca Wash and the east side of 
Solitario Canyon. It varies from welded and devitrified 
in northern locations to nonwelded and vitric in south 
ern locations with an apparently abrupt transition. The 
thickness of the Yucca Mountain Tuff was measured in 
eight stratigraphic sections (fig. 1; appendix 2).

Generalized Unit and Contact Descriptions

The Yucca Mountain Tuff generally contains less 
than 1 percent of phenocrysts (by visual estimate), pri 
marily of subhedral feldspar with subordinate euhedral 
biotite. Lithic clasts of pale-red, medium to light-gray, 
and pale-brown to grayish-orange-pink devitrified vol 
canic rock typically compose 1 percent. Pumice clasts 
form less than 5 percent of the formation. Two types 
of pumice clasts occur: (1) Vesicular or frothy, vitric 
clasts with spherical to elongate vesicles; and (2) silky,

finely fibrous clasts, likely devitrified or argillically 
altered. The former may be grayish black to medium 
gray, dark, moderate, or light yellowish brown, very 
pale orange, or colorless, whereas the latter are grayish 
orange, moderate orange-pink to pink, grayish orange- 
pink, or light to very light gray. Pumice clasts that con 
tain coarse vapor-phase crystals are brownish gray to 
light brownish gray.

Thick (a few meters or more), vitric sections 
of the Yucca Mountain Tuff (boreholes NRG 7/7 A, 
SD 9) typically vary downward from shades of grayish 
orange-pink to shades of very light gray to shades of 
pale red or pale yellowish brown to shades of light or 
very light gray. The tuff is less variable in thinner sec 
tions and commonly is a single, uniform color in verti 
cal sections of a few meters or less.

The vitric matrix of the Yucca Mountain Tuff, 
where nonwelded, is a porous mixture of subspherical, 
bubble-textured glass shards and platy glass shards 
enclosed in a fine, granular ash that varies from white 
or light gray to shades of pink. Partially welded tuff 
is characterized by fused ash particles, reduced poros 
ity, and smooth fracture across shard boundaries. 
More extreme compaction and welding is identified 
by deformed shards with ellipsoidal shapes, elongated 
pumice clasts, and matrix foliation created by the 
subparallel alignment of shards and the major axes 
of bubbles. The colors of glass shards exhibit an appar 
ent vertical zonation in thick sequences of Yucca 
Mountain Tuff, but it should be noted that shard 
color depends partly on the thickness of the shard wall 
and partly on the viewing angle. Glass shards are col 
orless near the upper and lower contacts but darken to 
shades of yellowish brown and grayish black in the 
interior of the tuff. Shard color, however, is not a 
useful indicator of cooling history or of stratigraphic 
position. For example, dark shard colors occur 
in the zone of maximum bubble deformation in bore 
hole SD 9, below the zone of maximum deformation 
in UZ 14, and throughout the thin, nondeformed 
deposit inUZ#16.

Where the tuff changes downward from vitric to 
devitrified (boreholes UZ-N11, UZ-N33, UZ-N34), 
the rock changes from shades of grayish orange-pink to 
shades of grayish brown and pale yellowish brown. 
Where the tuff changes downward from devitrified to 
vitric (borehole UZ 14), the rock changes from shades 
of grayish orange-pink and light brown to shades of 
pale yellowish brown to light or very light gray.

STRATIGRAPHY AND DESCRIPTION OF THE PTn UNIT 25



The devitrified matrix of the Yucca Mountain 
Tuff is partially to moderately welded. Shard textures, 
which can be observed macroscopically in regions 
near the vitric/devitrified boundary, apparently are 
destroyed by recrystallization and alteration by vapor 
transport in the tuff interior. Remnant shards that are 
variably deformed and aligned define foliation. 
Intrashard voids, which form angular vesicles that 
decrease in abundance and size toward the interior of 
the formation, commonly are lined by minute, vapor- 
deposited silica minerals. Devitrified shards typically 
are light brown and opaque.

The basal 10 to 40 mm of the formation is a 
coarse, clast-supported ground layer. The ground 
layer contains frothy to coarsely vesicular, vitric pum 
ice clasts (20 to 30 percent) that typically have diam 
eters of 10 to 20 mm, lithic clasts of angular, devitrified 
volcanic rock and minor colorless, globule-textured 
glass (20 to 40 percent) that typically are smaller than 
10 mm, blocky, cuspate glass shards, and crystals of 
feldspar (less than 5 percent). The layer locally 
pinches and swells across exposures (for example, at 
measured section PTn#8, fig. 1) and may be overlain by 
a thin (less than 20 mm), laminated ash layer (for 
example, at measured section PTn#4, fig. 1). The 
ground layer and laminated ash interval may be 40 to 
50 cm thick in borehole G-2.

The upper contact of the Yucca Mountain Tuff 
commonly is disturbed by post-depositional processes. 
Irregular structures filled with material from the over 
lying deposits that locally occur in the upper meter of 
the formation are interpreted as burrows (fig. 13). Pos 
sible weathering effects that include reddish discolora 
tion (iron staining?) and cloudy or frosty glass shards 
are observed in the upper several centimeters of the for 
mation in several boreholes.

In exposures along Solitario Canyon, the upper 
few centimeters to meter of the Yucca Mountain Tuff 
may be slightly darker and more brown than typical, 
undisturbed Yucca Mountain Tuff. In some outcrops 
where the formation has a thickness of less than 
2 m, the unit is composed entirely of brownish tuff 
Although this deposit appears composed of primary 
pyroclastic-flow material (delicate, bubble-textured 
glass shards are abundant in the matrix), it contains 
distinctive clasts of colorless, poorly vesicular glass 
that are not found elsewhere in the formation. The 
exposure at measured section PTn#l 1, which captures 
the Stratigraphic relation between the brownish unit 
and primary Yucca Mountain Tuff, illustrates the sec

ondary character of the brownish tuff (figs. 10 and 13). 
At this locale, angular blocks of primary tuff are 
eroded from the top of deposit and incorporated in the 
brownish tuff, which truncates underlying units of the 
pre-Yucca Mountain Tuff bedded tuffs. Blocks of 
Yucca Mountain Tuff also occur at the contact between 
the brownish tuff and overlying pre-Tiva Canyon Tuff 
bedded tuffs (Tpbt4) and within the lower few centime 
ters of Tpbt4 (see previous section). The brown tuff 
appears to include a mix of lithologies including Tpbt4, 
Tpbt3, and Tpy. Relations within the exposure suggest 
that the brown tuff may have been associated with a 
turbulent, high-velocity process, perhaps a volcanic 
blast or surge.

The contact between the Yucca Mountain Tuff 
and the underlying tephra of the pre-Yucca Mountain 
Tuff bedded tuff (Tpbt3) generally is sharp and undis 
turbed. This contact, which varies from planar to 
slightly undulatory, does not show evidence of erosion 
by the pyroclastic flows.

Formation Distribution, Thickness, 
and Correlation

The Yucca Mountain Tuff erupted from a source 
within the Claim Canyon caldera (Byers and others, 
1976). An isochore map of the combined thicknesses 
of Tpy and Tpbt4 developed from borehole data in the 
Yucca Mountain region by Buesch, Nelson, and others 
(in press) depicts a sharp southward decrease in the 
aggregate unit thicknesses. Their isochore map addi 
tionally shows a thickness maximum along a possible 
south-trending paleovalley with an axis near the east 
ern boundary of the potential repository site.

Figure 14 shows the thickness of Yucca 
Mountain Tuff determined from boreholes and 
measured sections in this study. The hachured line 
marks the inferred location of an abrupt change in the 
formation thickness that crosscuts the potential reposi 
tory site. Reconnaissance observation along Solitario 
Canyon cliff failed to reveal an unusual cause for 
the thickness change (such as paleotopographic or 
fault control), and it is possible that the deposit thins 
abruptly in distal reaches.
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Figure 13. Photograph and sketch of upper Yucca Mountain Tuff (Tpy) along Solitario Canyon cliff, north 
of measured section PTn#6 (fig. 1). Note laminations in the lower pre-Tiva Canyon Tuff bedded tuffs, the 
undulatory upper contact of Tpy, cylindrical structures interpreted as burrows in the upper Tpy, and the 
disturbed, coarser upper part of Tpy (which is light brown in outcrop).

STRATIGRAPHY AND DESCRIPTION OF THE PTn UNIT 27



116°27'30" 116°25'00"

36° 
52' 
30"

36° 
50' 
00"

6.5,

29.0Q

EXPLANATION

- Boundary of potential repository

- Alluvium and colluvium

- Outcrop of Paintbrush Group tuffaceous rocks

- Outcrop of other Miocene volcanic rocks 

= Abrupt change in thickness of Tpy

- Vitric - devitrified boundary

- Measured section location and Tpy thickness (m); 
open=vitric, filled=devitrified

- Borehole location and Tpy thickness (m); open= 
vitric, nonwelded; filled=devitrified; half filled= 
vitric, partially welded

STUDY

NEVADA 
TEST 
SITE

N

1000 2000 3000

meters

Figure 14. Isochore map showing apparent thickness of the Yucca Mountain Tuff in cored boreholes and 
measured sections. Borehole thicknesses are uncorrected for deviation from vertical; borehole a#7 (see 
fig. 1) is corrected for inclination of 26°.
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The Yucca Mountain Tuff lacks depositional 
features or flow units that can be correlated throughout 
the site area. Moreover, lateral variations in the content 
of phenocrysts, pumice, and lithic clasts are not 
observed. Gradations in the degree of welding and 
types of secondary crystallization are apparent but 
difficult to quantify or illustrate because there are too 
few cored boreholes that penetrate complete strati- 
graphic sequences of welded tuff, particularly where 
the formation is devitrified. The problem is com 
pounded by the absence of exposures in the transitional 
region. Figure 14 shows that a poorly defined region of 
vitric, partially welded tuff separates a northern region 
of devitrified, moderately welded ruff from a southern 
region of vitric, nonwelded ruff. The geometry and 
nature of the abrupt transition from devitrified to vitric 
tuff (fig. 14) presently are unknown.

Features of Welding, Secondary Crystallization, 
and Alteration

As first described by Lipman and Christiansen 
(1964), the Yucca Mountain Tuff is a simple cooling 
unit that is partially to moderately welded throughout 
the northern part of the potential repository-site area. 
In this northern part, the interior of the deposit is 
devitrified and variably altered by vapor transport. 
Lipman and Christiansen (1964) identified a central 
lithophysal zone in thick sections of the tuff. Table 4 
summarizes the vertical variations in welding and sec 
ondary crystallization observed in cored boreholes at 
Yucca Mountain. Note that the downward variations in 
the degree of welding are gradational changes; the con 
tacts listed in table 4 are located where these features 
become the primary characteristic of the rock.

The Yucca Mountain Tuff grades downward 
from nonwelded to partially or moderately welded in 
boreholes NRG-7/7A, SD-9, UZ-N11, and UZ-N33. 
Coarsening of the ash matrix downward, presumably 
caused by sintering of fine particles, is accompanied by 
a change in the appearance of freshly broken surfaces. 
Where the tuff is nonwelded, glass shards protrude 
above the ash matrix, revealing glassy shard "walls" 
where the matrix ash falls away. Broken surfaces 
remain irregular, but are more subdued, as ash sinters 
to the outer surface of the shards with the onset of 
welding. Welding also causes shards with subspherical 
bubble walls to deform into ellipsoidal shapes. With 
more intense welding, the rock fractures smoothly 
across the vitroclastic texture as the ash matrix fuses

into a homogeneous mass. At this stage, pumice clasts 
are moderately elongate, the matrix is foliated, and ves 
icles are less abundant and are lenticular or irregularly 
elongate. Increased welding further reduces the size 
and amount of intrashard vesicles to the point that they 
cannot be resolved macroscopically. These welding 
changes can be observed in generally reversed order in 
the lower part of the tuff.

There are no boreholes that were cored through 
the entire interval of Yucca Mountain Tuff where it is 
welded and devitrified. Three boreholes (UZ Nl 1, 
UZ N33, and UZ N34) capture the downward transi 
tion from non- or partially welded vitric tuff to partially 
or moderately welded, devitrified tuff. The change 
from vitric to devitrified shards is abrupt, occurring 
over an interval of 15 cm or less (table 4). Shard tex 
tures commonly are preserved immediately below the 
transition, but locally are destroyed by recrystallization 
and alteration by vapor transport at deeper levels. A 
silicified zone, within which vesicles are filled with sil 
ica or coated with minute vapor-phase crystals, occurs 
below the vitric-devitrified boundary. This zone is typ 
ified by a dense, silica-replaced matrix, smooth, sharp 
(quasi-conchoidal) fracture, and grayish-brown to pale 
yellowish-brown colors. Underlying the silicified zone 
is a region of vapor-phase mineralization within which 
crystals of tridymite or cristobalite and hematite line or 
fill vesicles and replace pumice clasts. Vapor-phase- 
replaced pumice clasts, despite variable flattening that 
defines a foliation, have secondary porosity created by 
the open arrangement of crystals. The amount of 
vapor-phase crystallization decreases downward as 
vesicles decrease in abundance and pumice clasts 
become more elongated.

Boreholes UZ 14 and G-2 contain the transition 
from moderately to densely welded, devitrified tuff to 
non- to partially welded, vitric tuff (table 4). Shard 
textures are preserved throughout the cored interval 
in both boreholes. Vapor-phase mineralization of the 
devitrified matrix and pumice clasts is prominent at the 
top of the cored interval in both boreholes but dimin 
ishes downward (table 4). The devitrified region, 
which contains shards that are deformed and aligned, 
fractures in a sharp, crudely conchoidal manner. The 
degree of welding begins to decrease in the lower part 
of the devitrified region, as marked by an increase in 
the amount and size of intrashard vesicles and a change 
to more equant vesicle shapes. The transition from 
devitrified to vitric shards is abrupt, occurring over an 
interval of less than 30 cm. A thin (1 to 2 m) interval
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Table 4. Depths to welding and crystallization features in the Yucca Mountain Tuff

[All depths are in meters, measured along the core axis;  , not applicable; v, contact taken from video of core prior to sample removal; <, less than; 
N.P., interval or unit is not present; vitric-devitrified boundary based on shard character]

Borehole number

Tpy/QTac contact

Tpy/Tpbt4 contact

Onset of bubble- wall

NRG-7/7A

-

32.4

35.2

SD-9

-

29.2

32.6

UZ-N11

~

1 8.5

I9.9±0.2

UZ-N33

--

1 4.4

1 6.8

UZ-N34 UZ-14

15.4 2 l2.8v
--

<15.4

a#4

--

46.3±0.1

48.8

a#5

--

45.6±0.l

46.6

G-21

288.3
-

 

N.P. 

N.P.

shard deformation
Vitric to devitrified 

transition
Zone of matrix 

silicification
Prominent vapor-phase N.P. 

mineralization 
within pumice and 
matrix

Region of maximum 
bubble-wall shard 
deformation

N.P. 21.5-21.6 18.3-18.4 16.5-16.6

N.P. 21.9-22.2 18.7-19.4 17.4-18.0

N.P. 322.2-25.7 320.6-22.9 3 l8.5-25.6

N.P. 

N.P. 

N.P.

N.P. 

N.P. 

N.P.

37.8-39.0 35.1-36.6 < 18.3-99.1

Vapor-phase alteration 
diminishes

Devitrified to vitric
transition

Zone of argil lie 
alteration

End of bubble- wall 
shard deformation

Tpy/Tpbt3 contact

N.P.

N.P.

N.P.

43.3

48.2+0.6

N.P.

N.P.

N.P.

41. 1

42.9

15.5

19.6V

19.8-21.6

22.6

23.8 V

N.P.

N.P.

N.P.

52.0

51.6+0.1

N.-P. 94.5

N.P. 101.6

N.P. 101.5-102.4

48.8 101.8

51.6±0.05 104.1

Depths are approximate due to a l-m depth discrepancy in core at 101.2 m. 
Top of core interval; first core is of welded, devitrified rock. 

-^Interval extends to total depth of drill hole.

of argillic alteration occurs immediately below the 
devitrified-vitric boundary; the intensity of argillic 
alteration varies from complete (shards and matrix are 
destroyed) to partial (shards remain glassy). The tuff 
appears vitric and unaltered below the interval of clay 
alteration.

Pre-Yucca Mountain Tuff Bedded Tuffs 
(Tpbt3)

The pre-Yucca Mountain bedded tuffs 
(Tpbt3) are heterolithologic, nonwelded, tuffaceous 
deposits that occur throughout the study area. This 
study divides Tpbt3 into seven informal units 
designated A through G, from base to top. These 
units include pyroclastic-fall deposits, pyroclastic- 
flow deposits, and slightly reworked or weathered 
tuffaceous deposits. Units A through D, F, and G are

laterally continuous in the study area, whereas unit E 
is thick in the northern part of Yucca Mountain, 
thins abruptly southward, and pinches out in the north 
ern part of the potential repository area. Pre-Yucca 
Mountain Tuff bedded tuffs conformably overlie the 
Pah Canyon Tuff (Tpp) or the pre-Pah Canyon Tuff 
bedded tuffs, where Tpp is absent. In most locations, 
Tpbt3 is conformably overlain by the Yucca Mountain 
Tuff (Tpy) or, where Tpy is absent, the pre-Tiva 
Canyon Tuff bedded tuffs (Tpbt4). At measured 
section PTn#l 1 (fig. 1; appendix 2), units G, F, D, 
and C are truncated by the brown tuff at the top of the 
Yucca Mountain Tuff and by unit B of the pre-Tiva 
Canyon Tuff bedded tuffs (fig. 10).

Abbreviated unit and contact descriptions for 
Tpbt3 are given below. Unit and contact descriptions 
were developed from observations of core recovered 
from boreholes NRG-7/7A, NRG^6, UZ-14, SD-9, 
SD-12, UZ-N37, and UZ #16 (fig. 1). Additional
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observations of core from several older boreholes 
and of exposures at nine measured sections along the 
east side of Solitario Canyon, near Yucca Wash, and 
in Abandoned Wash (fig. 1; appendix 2) were used to 
clarify lateral variability and stratigraphic relations.

Generalized Unit and Contact Descriptions

UnitG

Unit G is a light-brown, poorly sorted, clast- 
supported fallout (?) that is weathered or slightly 
reworked. This unit typically is 0.5 to 1.0 m thick. 
Pumice content ranges from 40 to 50 percent to .70 
to 85 percent. Pumice clasts typically are white, 
vitric, and from 1 to 4 mm, with some clasts to 30 mm. 
Lithic-clast content ranges from 10 to 30 percent to 40 
to 50 percent. Lithic clasts, typically 1 to 5 mm but 
up to 25 mm, include dominant colorless glass (some 
perlitic), subordinate pale-red devitrified volcanic 
rocks, and rare obsidian. The unit is crystal poor (1 to 
3 percent?) and contains dominantly feldspar crystals; 
however, it is difficult to distinguish crystals from 
small lithic clasts of colorless glass. Locally, the unit 
contains minor amounts of light-brown matrix. Grains 
are angular to subrounded and have a brownish coating 
that gives the rock an overall light-brown color. The 
upper contact is sharp and depositional; the lower con 
tact is typically gradational over approximately 5 cm.

In outcrops at measured sections PTn#2, PTn#8, 
and PTn#10 (fig. 1; appendix 2), unit G contains cylin 
drical structures as large as 8 cm in diameter that are 
interpreted to be animal burrows (fig. 15). The burrows 
are filled with material from the overlying unit; for 
example, at measured section PTn#8, the burrows are 
filled with material from the overlying Tpy, while at 
measured section PTn#10, the burrows are filled with 
material from the overlying Tpbt4 unit B (fig. 15).

UnitF

Unit F is composed of several thin beds (1 to 
10 cm thick) of light-gray to tan fallout. The unit typi 
cally is 50 to 75 cm thick. Grain sizes vary from 1 
to 10 mm but are relatively uniform within beds. 
Pumice content ranges from 40 to 60 percent to 70 to 
80 percent. Pumice clasts are vitric and white, grayish 
pink, and grayish orange. Lithic-clast content ranges 
from 20 to 30 percent to 40 to 60 percent, with clast

types that include dominant colorless to very light-gray 
glass (some perlitic), subordinate light-gray, pale-red, 
moderate red, and light-brown devitrified volcanic 
rocks, and very rare obsidian. The unit, which contains 
phenocrysts of feldspar, oxidized biotite, and (rare) 
hornblende, appears crystal poor (1 to 5 percent?); 
however, crystal content is equivocal because it is dif 
ficult to distinguish feldspar crystals from small clasts 
of colorless glass. Where unit E is absent, unit F can 
be distinguished from unit D by its abundant colorless 
to light-gray glassy lithic clasts and its generally finer 
grain size. The lower contact of the unit is sharp, 
locally undulatory, and depositional.

UnitE

Unit E occurs as a sequence of nonwelded 
pyroclastic-flow deposits in the northern part of 
Yucca Mountain (for example, boreholes G 2 and 
UZ 14 and measured section PTn#l; fig. 1). Within 
the potential repository site, unit E is a thin, ash-rich 
fallout that is present in only a few boreholes (for 
example, NRG 7/7A and NRG--6). The pyroclastic- 
flow deposits have a maximum observed thickness 
of 44 m in borehole G 2, whereas the fallouts gen 
erally are less than 0.2 m thick. As seen in measured 
section PTn#l (fig. 1, appendix 2), unit E is composed 
of several pyroclastic-flow deposits that vary slightly in 
character. The following is a generalized description of 
these deposits.

The pyroclastic-flow deposits have a vitric, 
ashy matrix that is white to grayish orange-pink. 
Pumice clasts (ranging from 5 to 7 percent to 20 to 
35 percent) are dominantly white and vitric. Pumice 
clasts commonly have diameters of 3 to 50 mm; how 
ever, large, blocky pumice clasts (up to 630 x 490 mm) 
are present in the tops of some flow units at measured 
section PTn#l. Lithic clasts (ranging from 2 to 
25 percent) are mostly smaller than 15 mm, rarely to 
40 mm, and include dominant very light-gray to color 
less perlitic glass, subordinate pale yellowish-brown, 
pale-red, moderate brown, and medium light-gray 
devitrified volcanic rocks, and rare obsidian. Crystals 
(3 to 5 percent) include feldspar, magnetite (?), and 
very rare hornblende. A minimum of four flow units 
are identified at measured section PTn#4.
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Figure 15. Photographs of cylindrical structures interpreted as burrows in the pre-Yucca Mountain Tuff 
bedded tuffs (Tpbt3). (A) A burrow (below hammer) in Tpbt3 unit G that is filled in with material from the 
overlying Yucca Mountain Tuff. The photograph was taken along Solitario Canyon cliff near measured 
section PTn#8 (fig. 1). (B) A burrow (to left of lens cap) in Tpbt3 unit G that is filled in with material from 
overlying pre-Tiva Canyon Tuff bedded tuff unit B. The photograph was taken along Abandoned Wash at 
measured section PTn#10 (fig. 1).
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Ash-rich fallouts typically have a moderate 
orange-pink matrix (30 to 40 percent). Pumice clasts 
(10 to 30 percent) are vitric, moderate orange-pink to 
grayish orange-pink, and 2 to 3 mm in diameter. Lithic 
clasts (25 to 60 percent) include dominant colorless 
to very light-gray glass and subordinate obsidian and 
pale-red devitrified volcanic rocks, typically from 1 to 
3 mm in diameter. Ash coatings on grains makes iden 
tification of crystals difficult; however, the unit appears 
to contain approximately 5 percent crystals of feldspar. 
The lower contact of the unit is sharp and depositional.

UnitD

Unit D is a light-gray, coarse, moderately sorted 
fall deposit that is commonly from 30 to 70 cm thick. 
The unit is thinly bedded, with 1- to 3-cm-thick beds. 
Grain sizes vary from 1 to 15 mm for the unit but are 
less variable within individual beds. Vitric pumice 
clasts (60 to 90 percent) are white, pale yellowish 
orange, and light brown. Lithic clasts (ranging from 
5 to 7 percent to 30 to 40 percent) include dominant 
devitrified volcanic rocks that are moderate light gray, 
pale brown, pale red, and moderate reddish brown, 
with subordinate, colorless perlitic glass, and rare 
obsidian. Lithic clasts appear iron stained or "rusted" 
in some horizons. Crystals (1 to 5 percent) include 
feldspar and rare, oxidized biotite. The lower unit con 
tact is sharp and depositional.

Unite

Unit C is a meter-thick, tan, moderately sorted, 
pumiceous fallout with 2 to 10 percent light-brown 
matrix. The presence of matrix suggests the deposit 
represents a weathered or slightly reworked deposit. 
Pumice clasts (70 to 90 percent) are subrounded, 
mostly smaller than I to 3 mm (rarely up to 20 mm), 
white with a light-brown coating, and vitric. Lithic 
clasts (2 to 15 percent) are mostly smaller than 2 mm 
(rarely up to 6 mm) and include pale-red, moderate 
brown, and moderate light-gray devitrified volcanic 
rocks, colorless glass (some perlitic), and rare obsidian. 
Crystals (1 to 3 percent) include feldspar, hornblende, 
and oxidized biotite. Locally, a discontinuous, coarse, 
pumiceous interval occurs approximately 5 cm below 
the top of the unit. The lower unit contact is typically 
irregular and gradational over 3 to 10 cm.

UnitB

Unit B is an orange-brown to reddish-brown, 
poorly sorted, clast-supported to matrix-supported, 
weathered or reworked fall deposit. This unit generally 
is from 1 to 3 m thick. The matrix content of the unit 
increases upward from 15 to 25 percent near the base to 
40 to 60 percent near the top. The matrix, which coats 
all grains, typically is moderate reddish orange to gray 
ish orange-pink, and rarely light brown. Pumice con 
tent decreases upward from 30 to 60 percent near the 
base to 15 to 20 percent near the top of the unit. Most 
pumice clasts are smaller than 10 mm (rarely up to 
25 mm), white to grayish orange pink, vitric to slightly 
altered, and crystal-bearing. The decrease in pumice- 
clast content and increase in matrix content upward 
gives the unit the appearance of being normally graded; 
however, it may indicate the top of the unit is weath 
ered or reworked. Lithic clasts (ranging from 3 to 
5 percent to 10 to 25 percent) are mostly smaller than 
2 mm and include dominant pale to moderate red and 
moderate light-gray devitrified volcanic rocks, and 
subordinate, colorless, perlitic glass. Crystals (2 to 
7 percent) include feldspar, biotite, and oxidized 
biotite. The lower unit contact is generally gradational 
over 5 to 10 cm; however, locally it is sharp.

In outcrops at measured section PTn#8 (fig. 1), 
cylindrical burrow structures are present near the upper 
contact of unit B and at the unit B-unit C contact. The 
burrows are filled with coarse pumiceous material that 
appears to be from unit D.

Unit A

Unit A is a gray, coarse-grained, pumice-fall 
deposit that generally is 0.75 to 1.2 m thick. Pumice 
clasts (70 to 90 percent) are very light gray to moderate 
orange-pink, contain crystals of feldspar and oxidized 
biotite, are vitric to slightly altered, and are commonly 
from 5 to 20 mm in diameter. Some pumice clasts have 
pale yellowish-orange rims. Lithic clasts (typically 2 
to 7 percent, locally to 15 percent) include dominant 
pale-red, moderate light-gray, and grayish-red devitri 
fied volcanic rocks, and rare colorless to very light- 
gray perlitic glass, obsidian, and light-red glass. Lithic 
clasts, which are typically smaller than pumice clasts, 
are mostly smaller than 5 mm. Crystals (3 to 5 percent) 
include abundant oxidized biotite, feldspar, unaltered 
biotite, and very rare clinopyroxene. The lower unit 
contact is sharp and depositional.
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Unit Distribution and Thickness Features of Reworking

Pre-Yucca Mountain Tuff bedded tuffs occur in 
boreholes and outcrops throughout the study area. 
Although the cumulative thickness of units other than 
unit E is fairly uniform throughout the area (fig. 16), the 
thickness of unit E changes markedly from north to 
south in the Yucca Mountain region (fig. 17). Units A 
through D and unit F are generally present in all bore 
holes and at all measured sections in the study area 
(appendixes 2 and 3). In contrast, the distribution of 
unit G appears to be related to the presence of the 
overlying Yucca Mountain Tuff. In all boreholes and 
measured sections except GU-3, PTn#2, and PTn#10 
(fig. 1, appendixes 2 and 3), unit G is absent wherever 
the Yucca Mountain Tuff absent. The significance of 
this correlation is unknown.

Unit E thins markedly southward and pinches 
out in the central part of the potential repository site 
(fig. 17). Its maximum thickness of 44.0 m occurs in 
the northern part of the study area at borehole G 2 
(figs. 1 and 17), and it has been recognized as far 
south as borehole UZ #16 where it is less than 0.1 m 
thick. Although dramatic, the steep thickness gradient 
illustrated in figure 17 (the pyroclastic-flow deposits 
thin from 44 m to 2 m in less than 2.5 km laterally) 
is consistent with many small-volume pyroclastic- 
flow deposits that tend to be channelized and deposited 
by flows with comparatively high yield strength 
(Cas and Wright, 1987). The large pumice blocks 
observed at the tops of flow units at measured 
section PTn#l (appendix 2) and the general character 
of the pyroclastic-flow deposits are similar to many 
small-volume block-and-ash-flow deposits (Cas and 
Wright, 1987). In this sense, the ash-rich fallout may 
represent a co-ignimbrite ash (Cas and Wright, 1987).

Byers and others (1976) inferred a source for 
pyroclastic material of Tpbt3 within the Claim Canyon 
caldera. However, Broxton and others (1993), in a 
subsequent study of the petrography and chemistry 
of samples collected from the location of meas 
ured section PTn#l, concluded that deposits above 
unit D are correlative with the rhyolite of Black Glass 
Canyon, and that deposits below are correlative with 
the rhyolite of Delirium Canyon.

Several of the units in Tpbt3 possess features 
consistent with weathering or slight reworking. These 
features include tan or orange-brown ("rusty") colora 
tion, matrix content that appears to increase upward 
in a unit, poor sorting, and animal burrows. Units B, 
C, and G are most likely to have been weathered or 
reworked. Units G and C are tan, contain minor 
amounts of matrix near the top of the unit, and com 
monly contain burrows. Unit B is rust colored, in hand 
sample appears to contain abundant matrix in the top of 
the unit, and locally contains burrows.

Pah Canyon Tuff (Tpp)

Six boreholes drilled since 1991 contain compar 
atively complete stratigraphic sections of Pah Canyon 
Tuff (Tpp) and an additional four post-1991 boreholes 
contain partial sequences (less than 70-percent recov 
ery). The formation is non- to partially welded in these 
10 boreholes and vitric to slightly altered in all bore 
holes except NRG #4, where it grades downward from 
vitric to zeolitically altered, and in borehole NRG #2B, 
where it is altered to clays or zeolites throughout.

Pah Canyon Tuff occurs in seven older cored 
boreholes. Core samples of non- to partially welded 
Pah Canyon Tuff recovered from boreholes a#4, a#5, 
a#6, a#7, and G-4 are partially to mostly vitric. Core 
recovered from borehole a#l grades downward from 
argillically altered to vitric. In borehole G 2, the for 
mation is a simple cooling unit composed of upper and 
lower nonwelded, vitric zones that enclose a moder 
ately welded, devitrified interior. The formation is 
variably altered in G-2 and includes intervals of argil- 
lie alteration, silicification, minor zeolitization, and 
heulandite mineralization (Caporuscio and others, 
1982).

The Pah Canyon Tuff was examined in expo 
sures on cliffs bordering the south side of Yucca Wash 
and the east side of Solitario Canyon. The formation is 
welded and devitrified in exposures near Yucca Wash, 
but is nonwelded and vitric throughout most of the site 
area. The thickness of Pah Canyon Tuff was measured 
in seven stratigraphic sections (fig. 1; appendix 2).
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Unit and Contact Descriptions

The Pah Canyon Tuff (Tpp) is a pyroclastic-flow 
deposit composed of phenocrysts, pumice clasts, lithic 
clasts, glass shards, and ash. Phenocryst content varies 
irregularly within the formation. In general, the tuff 
contains from 5 to 10 percent phenocrysts (locally 
10 to 15 percent in borehole G 2), primarily of feld 
spars with lesser biotite (locally partly oxidized) 
and minor to rare clinopyroxene and iron-titanium 
oxide. Lithic clasts, which also vary irregularly, 
compose from 1 to 2 percent to 5 to 7 percent of 
the deposit; lithic clasts are more abundant in bore 
hole G-2 (locally 10 to 12 percent), which is at 
the northern tip of Yucca Mountain. Lithic clasts 
are primarily of devitrified volcanic rock in shades 
of grayish red to pale red, medium to light gray, and 
moderate to light brown, with subordinate clasts 
of grayish-black to medium dark-gray or moderate 
reddish-brown glassy volcanic rock. Typical clast 
diameters are larger in borehole G-2 (generally 1 
to 10 mm) than in other boreholes (generally 1 to 
5 mm).

The matrix of nonwelded, vitric Pah Canyon 
Tuff is composed of blocky pumiceous fragments 
and granular ash with variable, but minor, amounts 
of platy to curviplanar (locally cuspate) glass shards 
that are difficult to see in hand sample. Typically 
colorless, shards may occur in shades of yellowish 
brown or dark gray. Vitric Pah Canyon Tuff com 
monly varies downward from shades of grayish 
pink to orange-pink to very pale orange or white 
(appendix 1).

The devitrified matrix of the Pah Canyon Tuff 
is partially to moderately welded. As the formation 
changes downward from vitric to devitrified, the 
rock becomes moderate to light brown, then grades 
to shades of grayish orange-pink. Remnant shards 
are variably deformed and rarely preserved (macro- 
scopically) where vapor-phase mineralization affected 
the interior of the deposit. Intrashard porosity dimin 
ishes downward but is not eliminated by the welding 
process.

Abundant, large pumice clasts are a distinc 
tive feature of the Pah Canyon Tuff. Typically, vitric 
pumice clasts compose from 10 to 40 percent of the 
formation, are nondeformed, frothy to coarsely vesicu 
lar or silky with elongate tubular vesicles, and sub- 
angular to subrounded. They vary from less than

10 mm to greater than 170 mm as measured along the 
core axis. Pumice is locally concentrated into swarms 
of large clasts.

The three types of pumice clasts observed in the 
Pah Canyon Tuff vary downward in a semi-regular 
fashion and can be used to correlate stratigraphic posi 
tion in some boreholes. Flow-unit boundaries based on 
changes in pumice-clast type are discussed below and 
presented in table 5.

Type I pumice clasts occur at the top and bottom 
of the Pah Canyon Tuff. They are vitric, nondeformed, 
frothy vesicular, with 3 to 5 percent crystals of feldspar, 
subordinate biotite, and minor pyroxene. Clasts are 
typically light to very light gray, but may grade to 
medium light gray or shades of very pale orange. 
Type I clasts vary from smaller than 10 mm to greater 
than 170 mm along the core length with equant, suban- 
gular to subrounded shapes. Type I clasts at the base of 
the formation tend to be more vesicular than those at 
the top of the formation.

Type II pumice clasts occur within the interior of 
the Pah Canyon Tuff. They are vitric, nondeformed, 
frothy or, rarely, silky with elongate tubes. These clasts 
contain from 5 to 7 percent crystals of feldspar, subor 
dinate biotite, and rare pyroxene. Clots of blocky feld 
spar or feldspar and biotite are common and distinctive. 
Type II clasts have lower estimated feldspar/biotite 
ratios and higher estimated biotite/pyroxene ratios than 
type I clasts. Frothy clasts vary from light pinkish 
brown to dark yellowish orange; silky clasts are typi 
cally shades of yellowish orange to pale grayish 
orange. Type II clasts are equant to ellipsoidal (2:1) 
and subrounded to rounded.

Type II-cv pumice clasts are a variant of 
type II clasts and also occur within the interior of 
the Pah Canyon Tuff. They contain the same dis 
tinctive crystal clots but are distinguished from 
other type II clasts by a coarsely vesicular texture. 
Type II-cv clasts have thicker glass septa between 
vesicles, creating darker colors that vary from dark 
gray to dusky yellowish brown to pale yellowish 
brown to dark yellowish orange.

In general, type I pumice clasts decrease in 
amount and size downward, overlapping with the first 
appearance of type II clasts. Type II-cv clasts are 
present in the lower part of the formation, where they 
occur with type II clasts. Type I clasts reappear in the 
lowest few meters of the formation.
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Alteration and devitrification destroy the charac 
ter of pumice clasts and diminish the ability to distin 
guish pumice types. In boreholes where alteration has 
destroyed primary glass (for example, NRG #2B), it is 
often possible to identify distinctive crystal clots within 
remnant type II clasts. Altered or partially altered 
pumice clasts occur in shades of pinkish gray, grayish 
orange, light gray, or white. Devitrified pumice clasts 
are pale to moderate brown or shades of grayish 
orange-pink.

Outcrops along Solitario Canyon cliff contain 
exposures of distal Pah Canyon Tuff (appendix 2). In 
these locations, the formation comprises one or more 
flow units composed of coarse pumice blocks enclosed 
in a fine-grained matrix. Pumice blocks have diameters 
to 200 mm as far south as measured section PTn#l 1 
(fig. 1), where they are reversely graded in a crude 
manner (fig. ISA). In other locations (PTn#5 
and #6; fig. 1), pumice blocks occur in lenticular, 
clast-supported horizons. Both type I and type II 
pumice clasts are present.

In outcrops south of Yucca Wash, the 
Pah Canyon Tuff varies from nonwelded and vitric 
to moderately welded and devitrified. Moderately 
welded zones, which are resistant to erosion, form 
cliffs (fig. 18B) composed of devitrified tuff. Expo 
sures near Sever Wash of the upper nonwelded, vitric 
Pah Canyon Tuff contain numerous swarms of pumice 
that mark probable flow-unit tops (fig. 18C).

The upper contact of the Pah Canyon Tuff is 
sharp and locally irregular. An abrupt color change 
marks the contact where pinkish-gray pyroclastic-flow 
material is overlain by a light-gray pumice-fall deposit 
identified as unit A of the pre-Yucca Mountain Tuff 
bedded tuffs. The upper 30 to 60 cm of the Pah Canyon 
Tuff may be reworked as indicated by abrupt, local 
decreases in the amount and sizes of pumice clasts, 
incipient alteration of matrix, and change to more 
brownish colors.

The lower contact of the Pah Canyon Tuff 
is sharp and locally irregular. This contact also 
appears as an abrupt color change at which light- 
gray pyroclastic-flow material overlies a brown, 
possibly reworked, unit identified as unit D of the 
pre-Pah Canyon Tuff bedded tuffs. In some locations, 
the lowest few centimeters of Pah Canyon Tuff are 
fine-grained tephra that may represent a basal layer 
(see Cas and Wright, 1987, p. 188).

Formation Distribution, Thickness, 
and Correlation

The Pah Canyon Tuff erupted from a source 
within the Claim Canyon caldera (Byers and others, 
1976). An isochore map of Pah Canyon Tuff thick 
ness developed from borehole data in the Yucca 
Mountain region by Buesch, Nelson, and others (in 
press) depicts a gradual southward decrease in deposit 
thickness. Figure 19 shows a similar configuration 
determined from boreholes and measured sections in 
this study. Although reconnaissance observation of the 
Pah Canyon Tuff in the Yucca Wash region suggests 
that the formation has a distribution that may be partly 
controlled by pre-eruption topography (fig. 18D), the 
magnitude of paleotopographic control is unknown.

Abrupt changes in the sizes and amounts of 
pumice clasts within the Pah Canyon Tuff may mark 
possible flow-unit boundaries that could serve as a 
basis for correlation within the formation. The over 
lapping distal flow lobes of the pyroclastic-flow depos 
its formed during the May 18, 1980, eruption of Mount 
St. Helens contain variably thick swarms of pumice, 
separated by deposits of less pumiceous pyroclastic- 
flow material (Rowley and others, 1981; their figs. 296 
and 297). The swarms of pumice observed within the 
Pah Canyon Tuff in core and outcrop suggest that the 
Mount St. Helens deposits may serve as a useful analog 
to these pumiceous deposits. Tables 4 and 5 give the 
depths to possible flow-unit boundaries within the 
Pah Canyon Tuff as identified by pumice swarms and 
changes in the types of included pumice clasts. Note 
that all unit correlations are tentative. Due to the char 
acter and distribution of pumice flow lobes, units 
depicted as correlative on tables 4 and 5 may or may 
not represent the same flow unit (refer to figures 296 
and 297 of Rowley and others, 1981).

With the exception of pumice clasts, there are 
few reliable criteria to distinguish flow units. One 
observation that appears consistent in core is that the 
flow units containing type II-cv pumice clasts are com 
paratively coarse grained. These flows have abundant, 
submillimeter-sized, glassy pumiceous chunks, glass 
shards that have platy, curviplanar, or cuspate shapes, 
crystal contents of 7 to 10 percent (locally 10 to 
15 percent), and lithic contents that vary from 3 to 
5 percent to 7 to 10 percent (lithic clasts are typically 
smaller than 10 mm).
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Figure 18. Photographs of the Pah Canyon Tuff (Tpp). (A) Crude reverse grading of coarse pumice clasts 
at measured section PTn#11 (along Solitario Canyon cliff; fig. 1). (B) Cliff-forming exposures of welded 
and devitrified Tpp on the south side of Yucca Wash northwest of Isolation Ridge (view is to southeast). 
(C) Flow-unit boundary in the upper Tpp in an exposure southwest of borehole WT #6 (see fig. 1). Note 
abundant, coarse, subangular pumice clasts at top of lower flow unit (at hammerhead) and the fine-grained, 
inversely graded base of the upper flow unit (above the parting). (D) Pah Canyon Tuff (dark cliff) filling a 
gentle paleovalley in an exposure on the north side of Yucca Wash, northeast of borehole WT #6.
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(C) Flow-unit boundary in the upper Tpp in an exposure southwest of borehole WT #6 (see fig. 1). Note 
abundant, coarse, subangular pumice clasts at top of lower flow unit (at hammerhead) and the fine-grained, 
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gentle paleovalley in an exposure on the north side of Yucca Wash, northeast of borehole WT #6-Continued.
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A possible flow break that occurs at 158.2 m in 
borehole G 2 is marked by an abrupt increase in the 
percentage of crystals and lithic clasts. Borehole G 2 
also contains a thin (few millimeters), clast-supported, 
crystal-lithic-pumice-rich fall horizon at 213.5 m that 
is not present in other boreholes and that has not been 
observed in exposures.

Features of Welding, Secondary Crystallization, 
and Alteration

The Pah Canyon Tuff forms a simple cooling 
unit in the Yucca Mountain region (Christiansen 
and Lipman, 1965; Caporuscio and others, 1982; 
Maldonado and Koether, 1983; Scott and Bonk, 1984) 
but is a compound cooling unit in locations northwest 
of the study area (Fridrich and others, in press). The 
deposit, which is nonwelded and vitric to locally 
altered throughout most of the Yucca Mountain region, 
is welded, devitrified, and vapor-phase altered in expo 
sures and boreholes near Yucca Wash, where the for 
mation thickens appreciably. Petrographic studies 
of Pah Canyon Tuff samples recovered from bore 
hole G-2 (Caporuscio and others, 1982) found argillic 
alteration of matrix ash in the vitric, upper part of the 
formation, heulandite mineralization in the central 
welded zone, and scattered amounts of zeolite mineral 
ization in the central and lower parts of the formation. 
Broxton and others (1994) also reported clay and zeo 
lite alteration in outcrop samples from the Yucca Wash 
region.

Table 6 summarizes vertical variations in weld 
ing, secondary mineralization, and alteration observed 
in core from borehole G 2, the only borehole that was 
cored through welded Pah Canyon Tuff. Note that the 
downward variations in the degree of welding and sec 
ondary mineralization are gradational changes; the 
contacts listed in table 6 are located where these fea 
tures become the primary characteristic of the rock.

The rock matrix of Pah Canyon Tuff is granular 
and nondeformed in the upper part of the formation in 
borehole G 2 (table 6). This interval is underlain by a 
thin (60 cm) silicified zone below which the matrix 
appears compacted, deformed, and less porous. Matrix 
porosity decreases (and rock density increases) down 
ward, then becomes relatively consistent before gradu 
ally increasing in the lower part of the formation. The 
matrix is moderately welded at its maximum and is 
never welded to the degree that porosity is eliminated. 
A plot of mean pumice shape ratios, computed from 8

to 12 measurements of major and minor pumice axes at 
depth increments of approximately 1.5 m, illustrates 
the welding profile (fig. 20A).

Table 6 summarizes changes observed in the 
alteration and crystallization of pumice clasts and 
matrix in the Pah Canyon Tuff in borehole G 2. 
Pumice alteration and devitrification textures are 
zoned symmetrically with depth in the Pah Canyon 
Tuff; in most cases, textural changes are gradational. 
Pumice clasts are vitric to partially altered (iron stained 
or slightly argillized) in the upper part of the forma 
tion. A thin (1.3 m) zone of argillically altered pumice 
clasts separates vitric clasts from clasts that have been 
replaced by linear chains of milky spherules (micro- 
spherulites) that are coated with vapor-phase tridymite 
or cristobalite. Microspherulitic devitrification gives 
way downward to more coarse-grained devitrification 
in which spherulites appear as radial sprays of needle- 
like crystals that crosscut pumice textures and in which 
clast margins appear axiolitically devitrified. Spheru- 
litic textures diminish downward as pumice clasts 
assume a sugary texture, with few obvious spherulites 
or axiolites; minor vapor-phase crystallization locally 
is present in this zone. These zones reappear down 
ward in reverse order, as shown in table 6.

Devitrification of nondeformed glass shards 
and matrix ash occurs over an interval of 1.4 m 
(table 6). An abrupt change from devitrified to 
devitrified/silicified matrix is characterized by a loss 
of matrix texture and porosity and the development 
of a cherty fracture habit. Below the silicified zone, 
matrix porosity and texture return, and the matrix is 
altered by vapor-phase mineralization. The intensity 
of vapor-phase alteration diminishes downward as 
porosity decreases. In the central portion of the 
Pah Canyon Tuff, the matrix is pervaded by minute, 
blocky, euhedral, colorless crystals identified as heu 
landite by Caporuscio and others (1982, p. 22). Slight 
alteration of shards and matrix begins within the zone 
of heulandite mineralization and becomes more preva 
lent downward until the matrix becomes argillically 
altered. Matrix texture is variably preserved in the 
argillic zone, and where present, the matrix appears 
partially welded. Pale greenish-yellow alteration 
occurs as submillimeter halos around some biotite and 
iron oxide phenocrysts in the lower 1.5 m of the argillic 
zone. Below this interval, the matrix contains glassy, 
pumiceous chunks and platy to curviplanar glass shards 
with local grayish-yellow alteration that occurs as sub- 
millimeter rims on iron oxide phenocrysts.

STRATIGRAPHY AND DESCRIPTION OF THE PTn UNIT 43



Ta
bl

e 
6.

 D
ep

th
s 

to
 d

ep
os

iti
on

al
, w

el
di

ng
, 

an
d 

cr
ys

ta
lli

za
tio

n 
fe

at
ur

es
 in

 th
e 

Pa
h 

C
an

yo
n 

T
uf

f b
or

eh
ol

e 
U

SW
 G

-2

Stratigrap
hic Relation

s 
and

 
Hydrolo

gic 
Propert

ies of
 

the
 

Paintbrus
h Tuff
 

Nonwelde
d 

(PTn
) 

Hydrolo
gic Unit
, 

Yucca
 

Mounta
in, Nevada

[P
um

ic
e 

ty
pe

s 
ar

e 
de

sc
ri

be
d 

in
 te

xt
. 

? 
= 

un
ce

rta
in

 c
on

ta
ct

. 
A

ll 
de

pt
hs

 g
iv

en
 in

 m
et

er
s]

Pu
m

ic
e-

cl
as

t t
yp

es
1

Tp
bt

3A

Ty
pe

 I

Ty
pe

s 
I &

 I
I

Ty
pe

 I
I

Ty
pe

s 
II 

&
 I

I-c
v 

Ty
pe

s 
II 

&
 I

I-c
v

Ty
pe

s 
ar

e 
in

di
st

in
gu

is
ha

bl
e

Ty
pe

s 
II 

&
 I

I-c
v

Ty
pe

 II

Ty
pe

s 
I &

 II

Ty
pe

 I

Tp
bt

2D

1 5
1.

 6
+0

.2
 m

15
3.

3

15
5.

7 
(a

pp
ro

x.
)

16
2.

1

_ 
16

7.
2 

17
0.

4

20
7.

9

20
9.

7

21
3.

3

22
1.

3?

22
2.

7

Pu
m

ic
e 

al
te

ra
tio

n/
cr

ys
ta

lli
za

tio
n 

M
at

rix
 a

lte
ra

tio
n/

cr
ys

ta
lli

za
tio

n

V
itr

ic

A
rg

ill
ic

M
ic

ro
sp

he
ru

lit
ic

 w
ith

 
va

po
r-

ph
as

e 
tri

dy
m

ite
 (?

)

Sp
he

ru
lit

ic
 o

r 
ax

io
lit

ic

C
oa

rs
el

y 
de

vi
tri

fie
d 

(g
ra

no
ph

yr
ic

?)

Sp
he

ru
lit

ic
 o

r 
ax

io
lit

ic

M
ic

ro
sp

he
ru

lit
ic

 w
ith

 
va

po
r-

ph
as

e 
tri

dy
m

ite
 (

?)

A
rg

ill
ic

 (
?)

V
itr

ic

15
1.

6±
0.

2m
V

itr
ic

, n
on

de
 fo

rm
ed

 
17

0.
1

Pa
rti

al
ly

 d
ev

itr
ifi

ed
 

17
1.

4
D

ev
itr

ifi
ed

, 
no

nd
ef

or
m

ed

Si
lic

ifi
ed

17
2.

4

D
ev

itr
ifi

ed
, d

ef
or

m
ed

, w
ith

 
va

po
r-

ph
as

e 
(?

)

17
5.

1
H

eu
la

nd
ite

 (
?)

 z
on

e2
 

19
2.

6 
(a

pp
ro

x.
)

D
ev

itr
ifi

ed
, d

ef
or

m
ed

 

20
1.

8
D

ev
itr

ifi
ed

, d
ef

or
m

at
io

n 
de

cr
ea

se
s 

do
w

nw
ar

d

20
4.

4+
0.

1
A

rg
ill

ic
, p

ar
tia

lly
de

fo
rm

ed
3 

20
7.

9
V

itr
ic

, n
on

de
fo

rm
ed

3
22

2.
7

15
1.

6±
0.

2m
 

16
8.

2 

16
9.

6

17
0.

6 

17
1.

2

18
8.

4 

19
6.

9 

20
3.

0

20
4.

8

20
7.

9

22
2.

7

D
ot

te
d 

lin
es

 in
di

ca
te

 p
um

ic
e 

sw
ar

m
s. 

2B
lo

ck
y,

 e
uh

ed
ra

l 
cr

ys
ta

ls
 id

en
tif

ie
d 

as
 h

eu
la

nd
ite

 b
y 

C
ap

or
us

ci
o 

an
d 

ot
he

rs
, 

1 9
82

.
Sp

ot
s 

of
 z

eo
lit

e 
(?

) 
th

at
 e

nc
lo

se
 b

io
tit

e 
or

 o
xi

de
 g

ra
in

s 
lo

ca
lly

 c
om

po
se

 a
 f

ew
 p

er
ce

nt
.



I > O
 

30 0
 

D m 8 33 TJ o m 3 c

B
or

eh
ol

e 
U

S
W

 G
-2

 

M
ea

n 
R

at
io

 o
f P

um
ic

e 
Sh

ap
e 

C
om

pe
ns

at
ed

 D
en

si
ty

B
or

eh
ol

e 
U

E
-2

5 
N

R
G

 #
4 

D
ig

ita
l D

en
si

ty
11

0
15

0-
j

12
0 

-

Si
lic

ifi
ed

13
0 

-

~~
 M

at
rix

 
de

fo
rm

at
io

n 
de

cr
ea

se
s

14
0 

-

I 
I 

I 
f 

1.
0 

2.
0 

3.
0 

4.
0 

5.
0

pu
m

ic
e 

le
ng

th
/p

um
ic

e 
w

id
th

i 
i 

i 
r 

1.
25

 
1.

5 
1.

75
 

2.
0 

2.
25

15
0 

-

B

 T
op

 o
f c

or
ed

 in
te

rv
al

  

/.
^
 /
./
 ^

f-:
?-:

?-:
?-:

:\-:
££

:-
'-:

:\-:
y-:

y-:
::' 

Tu
ff

 V
y.

 'v
itr

ic
  '/

 . '
. '

pa
rtl

y 
al

te
re

d
al

te
re

d

' 
 
 f

au
lt?

  
  
*
 

m
6d

er
at

el
y"

w
el

de
d

de
ns

el
y 

w
el

de
d

py
ro

cl
as

tic
-

flo
w

 
de

po
si

ts

re
w

or
ke

d?

pu
m

ic
e-

 
fa

ll 
de

po
si

ts

py
ro

cl
as

tic
-

flo
w

de
po

si
t

g/
cm

^
1.0

1.5
2.

0
2.

5

Fi
gu

re
 2

0.
 

(A
) 

M
ea

n 
ra

tio
s 

of
 p

um
ic

e 
sh

ap
e 

an
d 

co
m

pe
ns

at
ed

 d
en

si
ty

 m
ea

su
re

d 
in

 th
e 

Pa
h 

C
an

yo
n 

Tu
ff 

(T
pp

) 
pl

ot
te

d 
re

la
tiv

e 
to

 d
ril

le
d 

de
pt

h 
in 

bo
re

ho
le

 G
-2

. 
Pu

m
ic

e 
fla

tte
ni

ng
 r

at
io

s 
ar

e 
m

ea
n 

of
 8

 to
 1

2 
m

ea
su

re
m

en
ts

 w
ith

in
 c

or
e 

in
te

rv
al

s 
of

 3
0 

ce
nt

im
et

er
s 

or
 le

ss
. 

S
ta

nd
ar

d 
de

vi
at

io
n 

on
 m

ea
n 

an
al

ys
is

 is
 ty

pi
ca

lly
 0

.5
 to

 2
.0

. 
C

om
pe

ns
at

ed
 d

en
si

ty
 lo

g 
fro

m
 N

el
so

n 
an

d 
ot

he
rs

 (
19

91
). 

Li
th

ol
og

ic
 c

on
ta

ct
s 

ar
e 

gi
ve

n 
in 

ta
bl

e 
6.

 
(B

) 
D

ig
ita

l d
en

si
ty

 lo
g 

pl
ot

te
d 

re
la

tiv
e 

to
 d

ep
th

 in
 b

or
eh

ol
e 

N
R

G
 #

4.
 

Li
th

ol
og

y 
is 

de
sc

rib
ed

 in
 te

xt
. 

D
ig

ita
l d

en
si

ty
 d

at
a 

ar
e 

fro
m

 I
.E

. 
Th

om
ps

on
, 

S
ci

en
ce

 A
pp

lic
at

io
ns

 I
nt

er
na

tio
na

l C
or

po
ra

tio
n 

(w
rit

te
n 

co
m

m
un

., 
19

95
).



Pyroxene phenocrysts are altered to lime green 
pseudomorphs from 191.1 to 205.7 m in borehole G-2; 
they are dark green and unaltered elsewhere. Biotite 
phenocrysts, which are fresh to partially oxidized in 
most of the deposit, are strongly oxidized and bronze 
colored in this same interval.

The Pah Canyon Tuff is nonwelded and variably 
altered in boreholes NRG #4, NRG #2B, a#l, a#5, and 
a#7. Nonwelded Pah Canyon Tuff changes downward 
from vitric to zeolitically altered in borehole NRG #4. 
The effects of alteration are apparent beginning at 
about 136.2 m and continue beneath the base of the 
formation. High-angle fractures crosscut the core from 
about 136.5 to about 137.0 m; high-angle fractures 
with slickensides are noted in the underlying interval 
at 144.6 m (fig. 20B, see next section).

Alteration destroys the texture of the rock matrix 
and included pumice clasts in borehole NRG #4. 
Above 136.9 m, the rock matrix is composed of granu 
lar, vitric ash that encloses sparse glass shards. From 
136.9 to 137.8 m, alteration gradually destroys the 
character of the matrix ash and, eventually, the integ 
rity of the glass shards. Matrix texture is obliterated 
below 137.8 m and millimeter-sized spots of manga 
nese oxide are common within the matrix. Rock den 
sity increases significantly from 137.2 to 137.8 m, 
coincident with alteration of the rock matrix (fig. 20B). 
Pumice clasts are vitric and very light gray to pinkish 
gray above 137.9 m, but altered and shades of orange- 
pink or pinkish gray below. Alteration does not 
obviously affect phenocrysts and lithic clasts in bore 
hole NRG #4.

The Pah Canyon Tuff is altered throughout its 
cored interval in borehole NRG #2B. Matrix color var 
ies downward from pinkish gray to pale orange-pink 
to very pale orange. Remnant shard textures are vari 
ably, but generally poorly, preserved, and the rock has 
a "chalky" texture. Pumice clasts are difficult to dis 
cern because their colors are similar to that of the rock 
matrix but can be identified by the presence or absence 
of crystal clots. Lithic clasts and phenocrysts show 
effects of alteration: moderate reddish-brown, glassy 
lithic clasts are replaced by altered clasts of similar 
color, and biotite crystals locally are oxidized and 
appear bronze.

Pre-Pah Canyon Tuff Bedded Tuffs (Tpbt2) 
and Non- to Partially and Moderately Welded 
Subzones of the Topopah Spring Tuff 
Crystal-Rich Vitric Zone (Tptrv3; Tptrv2)

The PTn interval from the base of the 
Pah Canyon Tuff and the top of the crystal-rich 
vitrophyre of the Topopah Spring Tuff includes the 
pre-Pah Canyon Tuff bedded tuffs (Tpbt2) and the 
non- to partially welded (Tptrv3) and moderately 
welded subzones (Tptrv2) of the crystal-rich vitric 
zone of the Topopah Spring Tuff (Buesch, Spengler, 
and others, 1996) (fig. 2). This interval, which is 
divided into four informal stratigraphic units, contains 
two marker horizons (designated ash layers 1 and 2) 
and a (possibly) reworked zone that can be correlated 
between boreholes and field exposures. The three 
stratigraphically lowest units are pumiceous fallouts 
that are distinguished by color; the stratigraphically 
highest unit is the reworked zone.

Buesch, Spengler, and others (1996) noted 
that the top of the Topopah Spring Tuff is not defined 
explicitly and tentatively designated ash layer 1 as the 
contact between the non- to partially welded subzone 
of the'Topopah Spring Tuff crystal-rich zone (Tptrv3) 
and the overlying pre-Pah Canyon Tuff bedded tuffs 
(Tpbt2). This places the upper contact of the Topopah 
Spring Tuff within a sequence of macroscopically sim 
ilar pumice-fall deposits. The informal unit designa 
tions defined herein will be used in favor of Buesch, 
Spengler, and others' nomenclature until the ambigu 
ous formation contact can be definitively located.

Twelve cored boreholes drilled since 1991 con 
tain comparatively complete stratigraphic sections 
of this PTn interval. Partial sections were recovered 
in boreholes NRG #4 and UZ N55, where it is pre 
sumably thinned by faulting; the interval was poorly 
recovered in borehole SD-7. The interval is vitric to 
variably altered in all post-1991 cored boreholes except 
NRG #4, where it is pervasively altered. This interval 
also occurs in eight older cored boreholes in which it is 
vitric to variably altered. A partial section was recov 
ered in borehole a#l, where it is thinned, presumably 
by faulting.

These stratigraphic units were examined in out 
crops along Solitario Canyon cliff. Although the inter 
val is only partially exposed in many locations, interval 
and unit thicknesses were measured in 10 stratigraphic 
sections (fig. 1; appendix 2).

Composite descriptions of the four units are pre 
sented below in descending stratigraphic order.
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Generalized Unit and Contact Descriptions

UnitD

Unit D is a matrix-supported, possibly reworked 
deposit that varies from pale yellowish brown to light 
brown (fig. 21 A). The unit appears pale brown where 
locally altered. Typically, unit D has a matrix of fine, 
vitric (?) ash; however, locally it is a mix of sub- 
rounded, sand-sized crystals and lithic clasts. Glass 
shards are absent. Pumice clasts commonly compose 
from 15 to 40 percent of the rock and typically are 
smaller than 20 mm. Pumice clasts that are vitric, 
shades of light gray (grayish yellow where altered), 
microvesicular, and biotite-bearing compose from 70 
to 90 percent of the total pumice. Less common mod 
erate orange-pink clasts (typically this coloration 
occurs as a rind enclosing a lighter interior) are slightly 
altered; they appear light brown where strongly altered. 
These clasts are more abundant where the substrate is 
argillically altered, and they tend to become less abun 
dant stratigraphically upward. Phenocrysts of feldspar 
and subordinate biotite compose from 10 to 20 percent 
of unit D; pyroxene is rare to absent. Lithic clasts vary 
in abundance, but typically form 10 to 20 percent of 
the unit. Clasts, mostly smaller than 15 mm, include 
grayish-black, feldspar-bearing glass and devitrified 
volcanic rock in shades of pale red to pale brown.

Unit D is a massive bed that generally lacks dep- 
ositional features but that exhibits crude bedding in 
some exposures (fig. 21 A). A notable exception occurs 
at measured section PTn#5 (fig. 1), where the interval 
from the base of Tpp to the top of Tptrvl is unusually 
thin. Here, the basal 35 cm of exposed unit D is a 
cross-laminated, coarse sand, and the upper 20 cm is a 
coarse, pebbly sand with faint crossbedding (fig. 2 IB). 
A coarse, moderately sorted, immature, tuffaceous 
sandstone composes the lower part of unit D in bore 
hole G 2. Preserved within unit D in four boreholes 
(NRG-6, UZ-N31, a#l, and G-2) is a thin (about 
10 cm), clast-supported deposit of light-gray pumice. 
This deposit, which occurs approximately 60 cm below 
the upper contact of unit D, has upper and lower con 
tacts that are gradational over less than 6 cm, sugges 
tive of reworking. Unit D varies from 0.7 to 2.6 m 
thick in the Yucca Mountain region.

The upper contact of unit D is depositional, 
sharp, and locally undulatory. In most locales, the unit 
is overlain by light-gray to white or grayish-orange- 
pink to pale yellowish-brown, nonwelded, pumiceous, 
pyroclastic-flow material of the Pah Canyon Tuff.

In southern locations where the Pah Canyon Tuff is 
absent, unit D is overlain by the basal pumice-fall 
deposit (unit A) of the pre-Yucca Mountain Tuff bed 
ded tuffs, which is composed of light-gray, nonwelded, 
vitric pumice clasts.

UnitC

Unit C is a variably altered, clast-supported, 
pumice-fall deposit that contains an ash-bed marker 
horizon designated "ash layer 2." The deposit may 
appear matrix supported where pumice-clast margins 
are indistinct. The unit is moderately sorted; it is nota 
bly uniform in sorting and grain size except in the 
upper 15 cm of the deposit, which is a sequence of 
several well-sorted, poorly indurated fallouts, and 
locally below ash layer 2, where grain size and sorting 
decrease slightly. This unit typically is very pale 
orange to white, but locally has the light-brown color 
ation of unit B, and it may occur in shades of moderate 
red where argillically altered near the upper contact.

Matrix ash generally occurs in shades of very 
pale orange to white. Pumice clasts, which compose 65 
to 85 percent of the rock, are shades of very pale orange 
to white where vitric and unaltered, but may be white, 
grayish yellow, or light brown where altered. Hydro- 
thermal (?) alteration locally occurs along clast mar 
gins or within the matrix, especially in the upper 1 to 
2 m of the deposit, imparting a moderate reddish- 
brown stain. Pumice clasts, which contain crystals of 
feldspar, minor biotite and iron-titanium oxides, and 
rare pyroxene, generally have diameters of 10 to 
30 mm. Phenocrysts of feldspar, subordinate biotite 
and minor iron-titanium oxides, and pyroxene compose 
from 5 to 10 percent of the unit. Lithic clasts typically 
compose from 3 to 7 percent of the rock. Clast types 
include grayish-black, biotite- and feldspar-bearing 
glass; devitrified volcanic rock in shades of moderate 
red to light red and pale red to light gray; glassy, 
biotite- and feldspar-bearing tuff in shades of moderate 
yellowish brown to light red; grayish-orange-pink, 
feldspar- and biotite-bearing, hydrated glass; and light- 
gray, finely crystalline (cognate?) subvolcanic rock. 
Clasts of devitrified volcanic rock tend to be more 
abundant below ash layer 2, although clast types are 
generally similar throughout. Unit C ranges from 1.9 
to 8.0 m thick in the Yucca Mountain region.
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Figure 21. Photographs of pre-Pah Canyon Tuff bedded tuffs (Tpbt2). (A) Photograph of massive unit D 
at measured section PTn#8 (Solitario Canyon cliff; fig. 1). (B) Laminated, pebbly sandstone in unit D 
exposed at measured section PTn#5 (Solitario Canyon cliff; fig. 1). (C) Ash layer 1 preserved in core from 
borehole SD-9 at 77.8-meter depth. (D) Moderately welded, deformed pumice-fall deposit of unit A (Tptrv2) 
exposed along Solitario Canyon cliff, north of measured section PTn#8 (fig. 1).
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Figure 21. Photographs of pre-Pah Canyon Tuff bedded tuffs (Tpbt2). (A) Photograph of massive unit D 
at measured section PTn#8 (Solitario Canyon cliff; fig. 1). (B) Laminated, pebbly sandstone in unit D 
exposed at measured section PTn#5 (Solitario Canyon cliff; fig. 1). (C) Ash layer 1 preserved in core from 
borehole SD-9 at 77.8-meter depth. (D) Moderately welded, deformed pumice-fall deposit of unit A (Tptrv2) 
exposed along Solitario Canyon cliff, north of measured section PTn#8 (fig. 1)~Continued.
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Unit C is a massive deposit that locally exhibits 
crude layering in the upper few meters of weathered 
surfaces. Other depositional features observed in 
only a few boreholes include a 10- to 25-mm-thick, 
light-gray to white ash layer (boreholes NRG #4 and 
NRG 7/7A) and a 12-cm-thick, light-gray to white 
pumice horizon (borehole SD-12).

Ash layer 2 is composed of a basal, grayish- 
pink to grayish-orange-pink ash, typically 12 to 20 mm 
thick, that underlies approximately 5 mm of clast- 
supported, lithic-rich fallout. The lithic-rich fall is 
composed of about 20 percent vitric pumice clasts, 10 
to 20 percent crystals, and 60 to 70 percent lithic clasts. 
Pumice clasts are white to very pale orange and typi 
cally from 1 to 4 mm in diameter. Phenocrysts include 
feldspar, minor fresh to partially oxidized biotite, and 
rare pyroxene. Lithic clasts, typically from 1 to 4 mm 
diameter, include moderate red devitrified volcanic 
rock, light-brown, feldspar-bearing glass, and grayish- 
black glass.

The contact between units C and D is deposi 
tional and sharp. The character of unit C immediately 
below the contact varies depending on the presence or 
absence of argillic alteration (see below).

UnitB

Unit B is an altered, clast-supported, pumice-fall 
deposit that contains an ash-bed marker horizon desig 
nated "ash layer I" (fig. 21C). The unit is moderately 
sorted and has a variable grain-size and lithic content, 
especially below ash layer 1, where the ratio of devitri 
fied to glassy lithic clasts increases abruptly. Unit B is 
predominantly light brown with scattered light-gray 
pumice clasts. Indistinct pumice-clast margins, which 
create the appearance of matrix support, are a charac 
teristic feature of this unit.

Unit B contains little to no matrix. Pumice 
clasts, which typically compose 80 percent of the unit, 
have a frothy texture, are nonwelded and vitric to 
altered. Altered clasts, which form most of the pumice 
population, are light brown and 10 to 35 mm in diam 
eter. Vitric to slightly altered clasts compose 10 to 
15 percent of the pumice population; these clasts gen 
erally are light gray to white and from 10 to 20 mm 
in diameter. The unit contains phenocrysts of feldspar, 
subordinate biotite and pyroxene, and minor iron- 
titanium oxides. Crystal content increases downward 
from 5 to 10 percent of the unit to 5 to 25 percent (gen

erally greater than 10 percent) of the unit at the point 
where the lithic assemblage is dominated by devitrified 
clasts. Lithic clasts generally compose from 7 to 
10 percent of the unit, but locally may approach 15 
to 25 percent. Clasts of feldspar- and biotite-bearing 
glass, common in the upper part of the unit but rare to 
absent in the lower part, are either grayish black or light 
brown. Clasts of pale to moderate red or grayish-red to 
medium light-gray devitrified volcanic rock are ubiqui 
tous and compose most of the lithic assemblage in 
the lower part of the deposit. Clasts of colorless glass; 
pale-brown devitrified volcanic rock; white, sugary, 
hypabyssal (?) rock; dark yellowish-brown, feldspar- 
and biotite-bearing cognate (?) inclusions; and moder 
ate pink, feldspar- and biotite-bearing tuff are a minor 
to rare component of the lithic assemblage. The sub- 
angular lithic clasts commonly have diameters of 5 to 
10 mm.

Unit B is massive and ungraded in exposures 
along Solitario Canyon. A 30- to 60-cm-thick 
sequence of lithic-rich layers, commonly from 1 to 
2 mm thick, defines crude stratification below ash 
layer. 1 in some boreholes. This lithic-rich interval is 
locally overlain by a zone of coarse pumice clasts. 
Unit B ranges from 0.8 to 2.4 m thick in the Yucca 
Mountain region.

Ash layer 1 is composed of a basal, light-red to 
moderate orange-pink ash overlain by approximately 
2 cm of well-sorted fallout (fig. 21C). The clast- 
supported fallout is composed of white, vitric pumice 
clasts, crystals of feldspar, biotite, and pyroxene, and 
lithic clasts of grayish-red, pale red, or medium light- 
gray devitrified volcanic rock and subordinate black 
or brown glass. Pumice and lithic clasts vary from 1 to 
4 mm in size. In borehole G 2, ash layer 1 consists 
of two 1-cm-thick beds separated by about 3 cm of 
coarser, clast-supported fallout.

The contact between units C and B is grada- 
tional, typically over less than 30 cm but locally to 1 m, 
and appears to mark an alteration boundary. The con 
tact is marked by a color change from very pale orange 
above to light brown below.

Unit A

Unit A is a variably welded, moderately sorted, 
clast-supported, pumiceous fallout. A downward 
decrease in the content of phenocrysts and lithic clasts 
suggests that the unit may be compositionally zoned
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(see also Broxton and others, 1993). Progressive elon 
gation (flattening) of pumice clasts and loss of inter- 
granular porosity accompanies an increased degree of 
welding downward.

Unit A generally lacks matrix material. Large 
pore spaces separate poorly sorted clasts in the upper 
part of the unit. Intergranular porosity decreases down 
ward so that most porosity is eliminated in the lowest 
15 cm of the deposit. Pumice clasts are vitric and 
medium light gray and moderate brown. They are non- 
deformed at the top of unit A, but become increasingly 
elongate downward (fig. 2ID). Brown pumice clasts 
predominate light-gray clasts in the upper 50 to 100 cm 
of the deposit, but are subordinate to light-gray clasts in 
the middle and lower parts of the unit. At the top of the 
deposit, brown pumice clasts have phenocrysts of feld 
spar, minor biotite, and pyroxene, whereas light-gray 
clasts have sparse phenocrysts of feldspar. At lower 
stratigraphic levels, both types of pumice have only 
feldspar phenocrysts. Pumice clasts tend to coarsen 
upward from 7 to 12 mm near the base of the unit to 
10 to 20 mm near the top. Phenocrysts decrease down 
ward from 10 to 15 percent near the top of the deposit 
(predominantly feldspar with subordinate biotite, 
minor pyroxene, and lesser iron-titanium oxides) to 
3 to 5 percent near the base of the unit (predominantly 
feldspar with minor biotite). Pyroxene is present only 
in the upper 0.5 m (approximately), where crystal 
content varies to 20 to 25 percent in some horizons. 
Lithic clasts decrease downward from 10 to 15 percent 
(locally 20 to 25 percent) near the top of unit A to 5 to 
7 percent (locally less) near the base of the unit. Lithic 
clasts are mostly devitrified, feldspar- and biotite- 
bearing volcanic rocks in shades of medium light gray, 
grayish red, and moderate to pale red. Clasts of color 
less glass are very rare; black and brown glassy lithics 
are minor to absent. Opal (?) locally forms a thin coat 
ing on fragments within the upper part of the deposit 
that imparts a pale red color to pumice, lithic clasts, 
and crystals. In exposures along Solitario Canyon 
(for example, measured section PTn#6), unit A locally 
is strongly altered and occurs in shades of dusky red to 
medium red.

Unit A, which varies from massive to crudely 
stratified in exposures along Solitario Canyon, gener 
ally lacks sedimentary structures. The unit ranges from 
1.6 to 2.8 m thick in the Yucca Mountain region; the 
moderately welded portion of unit A forms the basal 
Oto 1.8 m of the unit.

The contact between units A and B is grada- 
tional, typically over less than 50 cm, and is distin 
guished by less than 10 percent light-gray pumice 
clasts above the contact and greater than 10 percent 
pumice clasts below the contact. The contact between 
the non- to partially welded and moderately welded 
subunits is defined by the visible flattening of pumice 
clasts and greater induration of the rock (the rock 
breaks across pumice clasts rather than along grain 
boundaries) below the contact.

Unit A overlies either densely or moderately 
welded pyroclastic-flow material. In both cases, the 
contact between fall and flow deposits is sharp (fig. 22). 
Most commonly, unit A overlies the crystal-rich vitro- 
phyre subzone (Tptrvl) or crystal-rich nonlithophysal 
zone (Tptrn) of the Topopah Spring Tuff. In other 
locales, unit A overlies moderately welded, vapor- 
phase altered pyroclastic-flow material that, in turn, 
lies atop densely welded Topopah Spring Tuff. In these 
cases, unit A is nonwelded or only slightly welded at 
the fall-flow contact.

Unit Distribution, Thickness, and Correlation

The stratigraphic interval from the base of the 
Pah Canyon Tuff to the top of the pyroclastic-flow 
deposits of the Topopah Spring Tuff comprises a 
sequence of pumice-fall deposits overlain by a zone of 
possibly reworked material. Increases in welding and 
alteration toward the base of the fall deposits, presum 
ably caused by heat and fluids released from the under 
lying pyroclastic-flow deposits, suggest that they were 
deposited shortly after the Topopah Spring pyroclastic 
flows. Although the source of the fall material is 
unknown, the inferred temporal association with the 
ash-flow tuff implies a source within the Claim Canyon 
caldera similar to that of the Topopah Spring Tuff 
(Byers and others, 1976). A Claim Canyon caldera 
source is consistent with the coarse, poorly sorted 
character of the fall material. The source of unit D 
also is unknown. The comparatively high ratio of 
biotite to pyroxene visually estimated in samples of 
unit D is consistent with petrographic analyses of 
pre-Pah Canyon Tuff lavas extruded near the margin 
of the Claim Canyon caldera (Byers and others, 1976). 
Unit D may be composed of pyroclastic or epiclastic 
material associated with these lavas.
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Figure 23 shows the apparent thickness of 
the interval (all units) from the base of the Pah Canyon 
Tuff to the top of the pyroclastic-flow deposits of 
the Topopah Spring Tuff. The thicknesses of the 
composite interval, aggregate pumice-fall deposits 
(units A through C), and unit D are remarkably consis 
tent across the study area (also see the isochore map 
of this interval in Buesch, Nelson, and others, in press). 
The interval is thinner than expected in boreholes a#l, 
NRG #4, and UZ N55, but slickensides occur on frac 
ture surfaces recovered in core from a#l and NRG #4, 
suggesting structural thinning within this interval. The 
only apparent thickness deviation occurs at measured 
section PTn#5, where unit D is a coarse, immature, 
cross-laminated sandstone, and the underlying fall 
deposits are unusually thin.

The interval from the base of the Pah Canyon 
Tuff to the top of the pyroclastic-flow deposits of 
the Topopah Spring Tuff contains two stratigraphic 
marker horizons (ash layers 1 and 2) and a possibly 
reworked zone (unit D) that can be correlated through 
boreholes and exposures (figs. 5 and 6). The contacts 
between the three pumice-fall units (units A to C) can 
not be correlated with confidence because they are gra- 
dational and are thought to define alteration zones 
within the fall material.

Features of Welding, Secondary Crystallization, 
and Alteration

Unit A grades upward from moderately 
welded to nonwelded as determined from changes 
in macroscopic porosity and pumice-clast deforma 
tion. In most boreholes and exposures, the transition 
from moderately welded material to non- to partially 
welded material occurs in the basal meter of the unit, 
but it locally extends to 2 m above the contact. The 
fallout is significantly deformed (perhaps densely 
welded) in the few centimeters immediately above 
the crystal-rich vitrophyre of the Topopah Spring Tuff. 
Unit A is significantly less welded where it overlies 
moderately welded, vapor-phase altered pyroclastic- 
flow material; in such cases, it commonly is non- 
welded throughout.

The deposits in this interval of the PTn unit 
are generally unaffected by secondary crystallization. 
Exceptions are noted in scattered exposures along 
the eastern side of Solitario Canyon, where pumice

clasts are corroded and replaced by vapor-phase 
minerals in the lower few meters of unit A (meas 
ured sections PTn#6 and #8; fig. 1).

The PTn interval from the base of the 
Pah Canyon Tuff to the top of the crystal-rich 
vitrophyre of the Topopah Spring Tuff contains 
two intervals of alteration. Argillic alteration in the 
upper zone, which occurs in the top few centimeters 
to meter of unit C, has an intensity that varies from 
weak to strong. Where present, altered unit C has 
variable, but distinctive, colors that include moder 
ate red to pink, moderate to grayish orange-pink, and 
white. This alteration zone, informally referred to as 
the "red clay layer," was characterized qualitatively 
in cored boreholes (appendix 1). This argillic alter 
ation is notably abrupt in its distribution; for exam 
ple, the red clay layer is strongly developed in 
borehole UZ N32 but is weakly developed in 
borehole UZ N31 that is located only 23 m away. 
The variability of the red clay layer suggests that it 
may represent fumarolic or shallow hydrothermal 
alteration related to cooling of the underlying 
pyroclastic-flow deposits of the Topopah Spring 
Tuff (refer to Sheridan, 1970). The lower alteration 
zone occurs within unit B and imparts the distinctive 
light-brown coloration to the unit. The character of 
this diffuse alteration is unknown; however, the 
color and macroscopic texture of the rock suggests 
that it formed through partial oxidation and argilliza- 
tion of vitric pumice clasts. Exposures along the east 
side of Solitario Canyon locally contain abrupt and 
irregular discontinuities in the color change that 
defines the contact between units B and C and in the 
degree of alteration of unit A. These observations 
indicate that the alteration processes that accompa 
nied cooling of the underlying pyroclastic-flow 
deposits are complex.

Silicified horizons occur locally in exposures 
of units A and B along the eastern side of Solitario 
Canyon (measured sections PTn#6, #8, and #11; 
fig. 1). These zones are typically associated with 
comparatively intense alteration of the enclosing 
rocks that is manifested by obliterated pumice-clast 
margins, oxidized biotite phenocrysts, and reddish 
matrix color.
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Figure 23. The apparent thickness of interval from the base of the Pah Canyon Tuff to the top of the welded 
pyroclastic-flow deposit of the Topopah Spring Tuff determined in cored boreholes and measured sections. 
Probable structural thinning is indicated by fractures with slickensided surfaces. Borehole and section loca 
tions are shown in figure 1.
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HYDROLOGIC PROPERTIES OF 
THE PTn UNITS

Appendix 4 lists the hydrologic properties deter 
mined for core samples collected from the PTn unit in 
boreholes drilled since 1991. In the following discus 
sions, these data are supplemented, as necessary, with 
previously published analyses of outcrop samples 
(Istok and others, 1994; Flint and others, 1996; 
Rautman and others, 1995). Measured properties 
include bulk density, porosity, particle density, and 
percent saturation; published data additionally report 
measured and estimated saturated hydraulic conductiv 
ity. Results are reported for borehole samples pro 
cessed at relative humidity (RH) and at higher 
temperature (105°C). Relative humidity determina 
tions give a better approximation to the naturally 
occurring rock density and porosity because hydrous 
minerals (clay and zeolite) are not destroyed during 
analysis. Similarly, differences between the two sets 
of measurements give a first approximation of the 
influence of hydrous minerals on the hydrologic 
properties of a sample. Unless otherwise noted, all 
measurements shown on illustrations or discussed in 
the text were determined at relative humidity.

Crystal-Poor Tiva Canyon Tuff (Tpcp)

The base of the Tiva Canyon Tuff (Tpc) con 
tains the first significant change in hydrologic proper 
ties below the present topographic surface of Yucca 
Mountain. The downward decrease in welding near 
the base of the pyroclastic-flow deposits is manifested 
by increasing porosity and decreasing bulk density. In 
contrast, the downward transition from devitrified to 
vitric tuff creates an abrupt decrease in particle density.

General Hydrologic Properties

Crystal-Poor Lower Nonlithophysal Zone,
Columnar Subzone (Tpcplnc) and Crystal-Poor Vitric

Zone, Moderately Welded Subzone (Tpcpv2)

The porosity and bulk density of borehole sam 
ples collected from the lower part of the Tiva Canyon 
Tuff are shown on figures 24 and 25. In these figures, 
plot A shows the porosity and bulk density of samples 
collected in a 3-m interval above the contact between 
densely and moderately welded rock in the columnar 
subzone of the crystal-poor lower nonlithophysal zone 
(Tpcplnc). Figures 24B and 25B plot samples col

lected from the columnar subzone where it is moder 
ately welded (contact depths are given in appendix 3, 
property data are given in appendix 4). Across the 
dense to moderate welding contact, mean porosity 
increases from 12.5 to 22.8 percent (fig. 24) and aver 
age bulk density decreases from 2.16 to 1.88 g/cm3 
(fig. 25). This contact is gradational; therefore, poros 
ity and bulk density values for densely welded samples 
immediately above the contact differ from those higher 
in the section. Flint and others (1996) report average 
porosity of 6 to 9 percent and average bulk density of
2.25 to 2.34 g/cm3 for samples collected from densely 
welded Tiva Canyon Tuff above the interval used here.

The average porosity and bulk density of the 
moderately welded columnar subzone are similar to 
the mean porosity (23.5 percent) and bulk density
(1.76 g/cm3) of the moderately welded vitric subzone 
(Tpcpv2, figs. 24C and 25C). The similarity in mean 
property values in these units allows them to be 
grouped during hydrologic modeling. In the hydro- 
logic models discussed below, the moderately welded 
units are represented by a single model layer (SB3) 
that was assigned an average porosity of 20 percent 
(table 2).

The porosity and bulk density of moderately 
welded columnar and vitric samples (figs. 24 and 25, 
appendix 4) generally compare favorably with analy 
ses of samples collected from outcrop (Istok and 
others, 1994; Rautman and others, 1995). Istok and 
others (1994) and Rautman and others (1995) divided 
the base of the Tiva Canyon Tuff into two units an 
"upper ash-flow subunit" that is nonwelded at its base 
and densely welded at its top, and a "lower ash-flow 
subunit" that is nonwelded throughout. The "upper 
ash-flow subunit" is generally equivalent to the 
moderately welded rocks of the columnar and vitric 
subzones. Mean porosity and bulk density reported 
for samples collected from the "upper ash-flow sub- 
unit" are 19.5 percent and 1.89 g/cm3 , respectively 
(Istok and others, 1994; Rautman and others, 1995).

Although porosity and bulk density of moder 
ately welded vitric and devitrified samples are similar, 
particle density changes abruptly across the contact 
(fig. 26). The difference in particle density values 
reflects the transformation of glass to crystalline mate 
rial. Hydrologic model layer SB3 (table 2) is given a
particle density of 2.42 g/cm3 , a value intermediate to 
those determined for devitrified (2.5 g/cm3 ) and vitric 
(2.3 and 2.4 g/cm3) samples.
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Figure 24. Porosity histograms for units in the lower Tiva Canyon Tuff. Porosity was determined at relative humidity 
(appendix 4).

Crystal-Poor Vitric Zone, 
Non- to Partially Welded Subzone (Tpcpvl)

The mean porosity and bulk density of samples 
collected from the non- to partially welded crystal- 
poor vitric subzone (Tpcpvl) are 36 percent and

1.44 g/cm3 , respectively (figs. 24D and 25D). These 
values are significantly different from the overlying 
moderately welded vitric subzone, but are similar to 
those of the underlying nonwelded pre-Tiva Canyon 
Tuff bedded tuffs (see discussion below). In the 
hydrologic models discussed below, the non- to

partially welded vitric material is represented by 
model layer SB 1, which was assigned a porosity of 
40 percent (table 2). The porosity and bulk density 
values of non- to partially welded samples (figs. 24D 
and 25D; appendix 4) are generally equivalent to 
values determined for samples collected from outcrop 
(Istok and others, 1994; Rautman and others, 1995). 
The average porosity and bulk density reported for the 
nonwelded "lower ash-flow subunit" are 40 percent

and 1.38 g/cm3 , respectively (Istok and others, 1994; 
Rautman and others, 1995).
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Stratigraphic Controls on Hydrologic Properties

Porosity, bulk density, and particle density data 
for the lower part of the Tiva Canyon Tuff show pre 
dictable downward changes that reflect the decrease in 
welding (Istok and others, 1994; Rautman and others, 
1995). However, the degree of saturation does not fol 
low a predictable trend in this interval. In particular, an 
abrupt increase in saturation (values typically approach 
100 percent) occurs in the upper part of the moderately 
welded vitric subzone and in lower part of moderately 
welded columnar subzone (fig. 27). This increased sat 
uration has been observed in all boreholes examined in 
the study area (appendix 4).

The zone of high saturation in the moderately 
welded rocks correlates with a zone in which the 
difference in porosity determined at relative humidity 
and at high temperature is greater than in the surround 
ing strata (fig. 27). This difference is attributed to the 
presence of abundant hydrous minerals such as clays 
(for example, Bush and Jenkins, 1970) and generally 
occurs at the same Stratigraphic position as the zone of 
argillic alteration observed in core. Presumably, argil- 
lie alteration reduces permeability and inhibits the 
downward flow of water, producing elevated levels of 
saturation.
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The zone of argillization also appears to affect 
the saturated hydraulic conductivity of these samples. 
Figure 28 shows porosity and saturated hydraulic 
conductivity plotted relative to depth for the entire 
PTn unit in borehole UZ #16 and for outcrops located 
along the east side of Solitario Canyon (Flint and 
others, 1996). Samples from the moderately welded 
vitric and columnar subzones have saturated hydraulic
conductivities of approximately 10 to 10~n m/sec 
(fig. 28; Flint and others, 1996; L.E. Flint, unpub. data, 
1995). These values are an order of magnitude or more 
lower than those of the underlying nonwelded vitric 
tuff, and they are several orders of magnitude lower 
than the most conductive strata of the PTn unit (fig. 28).

Pre-Tiva Canyon Tuff Bedded Tuffs (Tpbt4)

Unit A of the pre-Tiva Canyon Tuff bedded tuffs 
is thin and laterally discontinuous (appendix 3); there 
fore, lithologic units A and B are grouped in the follow 
ing discussion. Hydrologic properties were determined 
for samples collected from eight boreholes drilled since 
1991 (appendix 4).

General Hydrologic Properties

The porosity and bulk density of pre-Tiva 
Canyon Tuff bedded tuff samples are plotted in 
figure 29. These data are relatively consistent, with 
the exception of four samples collected from bore 
hole UZ N31 that are more dense and less porous than 
other samples (fig. 29). Borehole UZ N31 is located 
in the bottom of Split Wash, and the Tpbt4 samples 
from this borehole have comparatively high levels of 
saturation and a relatively large difference in porosity 
values determined at relative humidity and at higher 
temperature (appendix 4). This suggests that the 
UZ N31 samples may be argillically altered and could 
have lower porosity and higher bulk density as a result.

The average porosity and bulk density of 
the pre-Tiva Canyon Tuff bedded tuff samples is
39.5 percent and 1.39 g/cm3 , respectively (fig. 29). 
If the four anomalous samples from borehole UZ N31 
are ignored, the average porosity of Tpbt4 increases to 
47.2 percent and the average bulk density decreases to
1.20 g/cm3 . In the hydrologic models discussed below, 
the pre-Tiva Canyon Tuff bedded tuffs are represented 
by model layer BT4, which was assigned a porosity of 
0.44 percent (table 2).

The porosity and bulk density of borehole sam 
ples of the pre-Tiva Canyon Tuff bedded tuffs (fig. 29) 
are slightly different than for samples collected from 
outcrop (Istok and others, 1994; Rautman and others, 
1995). Istok and others (1994) and Rautman and others 
(1995) report an average porosity of 52.0 percent and
an average bulk density of 1.13 g/cm3 for the "basal 
pumice bed subunit," which is equivalent to unit B of 
Tpbt4.

Yucca Mountain Tuff (Tpy)

Hydrologic properties were measured for sam 
ples collected from nine boreholes drilled since 1991 
that contain whole or partial intervals of the Yucca 
Mountain Tuff (appendix 4). These boreholes capture 
complete sections of nonwelded and non- to partially 
welded, vitric Yucca Mountain Tuff and partial sec 
tions of Yucca Mountain Tuff that vary from non- 
welded and vitric to welded and devitrified. Although 
the cored intervals traverse both the upper and lower 
vitric-devitrified transitions, hydrologic-property data 
for complete stratigraphic sequences through welded 
Yucca Mountain Tuff are not available from borehole 
samples. However, hydrologic properties were 
reported for surface samples collected through the 
sequence of welded Yucca Mountain Tuff south of 
Yucca Wash near Prow Pass (Flint and others, 1996).

General Hydrologic Properties

Compiled hydrologic properties for the Yucca 
Mountain Tuff recovered in boreholes are shown in 
figure 30. Histograms of Yucca Mountain Tuff analy 
ses illustrate that the bulk density of vitric samples
typically varies from 1.2 to 1.6 g/cm3 and that pore 
space commonly composes 25 to 45 percent of the tuff. 
Samples of devitrified Yucca Mountain Tuff, recovered 
from the interior, more densely welded portion of 
the sheet, have significantly higher density (1.7 to
2.2 g/crn3^ and lower porosity (less than 30 percent). 
Samples of welded and devitrified Yucca Mountain 
Tuff from the Yucca Wash traverse are similar and
attain maximum densities of 2.34 g/cm3 and minimum 
porosities of 5 to 6 percent (Flint and others, 1996). 
As expected, the vitric and devitrified samples have 
distinctly different particle densities (fig. 31).
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Figure 29. Porosity (A) and bulk density (B) histograms 
for the pre-Tiva Canyon Tuff bedded tuffs (Tpbt4). 
Porosity and bulk density determined at relative humidity 
(appendix 4).

Stratigraphic Controls on Hydrologic Properties

The welding, crystallization, and alteration his 
tory of the Yucca Mountain Tuff produces locally 
significant vertical variations in hydrologic properties. 
Figures 32 and 33 illustrate that differences in meas 
ured hydrologic properties can be related to the macro 
scopic lithologic variations outlined in the section on 
welding and crystallization features. Figure 32 plots 
bulk density and porosity relative to depth beneath the 
top of the Yucca Mountain Tuff. The upper contact 
locally is disturbed by post-depositional processes; 
however, samples of undisturbed material from the

upper 1 to 2 m of the deposit have bulk densities of
1.25 to 1.28 g/cm3 and porosities of 40 to 44 percent 
(fig. 32; appendix 4). These values contrast slightly 
with samples from the lower 1 to 2 m, where bulk den 
sities are typically 1.40 to 1.42 g/cm3 and porosity var 
ies from 28 to 36 percent. Figure 32 also illustrates that 
the tuff has restricted ranges of density and porosity at 
the point where subspherical bubble-wall shards begin

to deform to ellipsoidal shapes (1.37 to 1.40 g/cm3 and 
36 to 38 percent, respectively; see also appendix 4, 
borehole UZ Nl 1). The change from deformed to 
nondeformed bubble-wall shards observed in the lower 
part of the deposit in two boreholes corresponds to bulk
densities of 1.42 to 1.45 g/cm3 and porosities of 30 to 
34 percent (figs. 32 and 33).

A sharp change in the density and porosity 
of the Yucca Mountain Tuff occurs below the vitric- 
devitrified contact and within the silicified zone of 
borehole UZ N33 (fig. 32); a similar, but less impres 
sive, feature is observed in borehole UZ Nl 1. This 
abrupt change in hydrologic properties is not present 
where the entire deposit is vitric and less welded (bore 
hole SD-9). As shown in figure 34, the percent satura 
tion doubles directly above the silicified interval in 
borehole UZ N33 despite a porosity decrease of only 
25 percent. This sharp increase suggests that matrix 
silicification, formed perhaps during the welding pro 
cess, can produce important hydrologic effects. Signif 
icantly, boreholes UZ N33 and SD-9, in which the 
Yucca Mountain Tuff has greatly different hydrologic 
properties, are separated by only 570 m (fig. 1), indicat 
ing that the southward change in hydrologic character 
is abrupt.

The presence of alteration within the Yucca 
Mountain Tuff can be indirectly detected by contrast 
ing porosity determined at relative humidity with 
porosity determined at high temperature. Argillic 
alteration is macroscopically prominent for 1 to 2 m 
immediately below devitrified-vitric boundary in bore 
hole UZ 14 (see the section on welding, crystalliza 
tion, and alteration of the Yucca Mountain Tuff)- 
As shown on figure 35, this interval coincides with 
an abrupt departure in measured porosities, within 
which porosity measured at high temperature is up to 
73 percent greater than porosity determined at relative 
humidity. This interval also has extremely high satura 
tion, locally in excess of 100 percent, that may reflect 
water bound in hydrous minerals. In contrast, unal 
tered, vitric parts of the Yucca Mountain Tuff do not 
show a great difference in measured porosities (fig. 34).

HYDROLOGIC PROPERTIES OF THE PTn UNITS 63



8
i

0
1

 
(Q

2
3

z
S 0) Q

. I 3 «§ o  o
 

5 i o o 2 o c

£

2.
2 

-| 

2.
4

N
on

- 
to

 
pa

rti
al

ly
 w

el
de

d

Y
uc

ca
 M

ou
nt

ai
n 

T
uf

f

m
ea

n=
 1

.3
52

 
st

d 
de

v 
= 

0.
09

0
m

ea
n=

 1
.4

29
 

st
d 

de
v 

= 
0.

08
5

N
on

w
el

de
d 

| 
\

0
10

0.
0

0.
1 

-

0
.2

-

(2
 

Y
uc

ca
 M

ou
nt

ai
n 

T
uf

f
m

ea
n 

= 
0.

40
6

st
d 

de
v 

= 
0.

03
5

m
ea

n 
= 

0.
33

3
st

d 
de

v 
= 

0.
05

2

N
on

w
el

de
d 

[ 
|

N
on

- 
to

 
 
 

pa
rti

al
ly

 w
el

de
d

0.
5

2
4
6
 

N
um

be
r 

of
 a

na
ly

se
s

10

C
O OQ en
s ,0 on I1.

0 

1.
2

6 
1.

4

>,
 

1.
6

-4
 >

 
S I
 

L
8

2.
0

2.
2 

2.
4

-B  '." " 
'.' "

A
/A

;
.""

  
".

""
  

A/
A;  y-;  '.'  "
/.v

- 0

Y
uc

ca
 M

ou
nt

ai
n 

T
uf

f
 77

1 
..

. 
. 

m
 

m
ea

n 
=

1.
49

7 
  ' 

 1 
V

itn
p 

r."
'i 

^
j 

VI
LI

IL
 

L
J 

st
(j

d
ev

 
01

94
O

L
U

. 
U

W
 V

 
~

~
 

V
7.

 L
 ^

*
T

3
7
^ 

D
ev

itr
ifi

ed
 

M
 

m
ea

n 
L

92
4

. 
  

. 
  

. 
U

il
il

l 
j 

i 
i 

/^
 

i 
i 

n
^
^
 

st
d 

de
v 

= 
0.

 1 
1 8

1 
I 

ill
 E

l
 H

i

5 
10

 
15

 
2C

u.
u

0
.1

-

0
2

 -
fe

nf
rr

" 
  "

  
  

n 
^ 

^
v/

.^
» 

 ".
. "

. 
'. 

'.

0.
4 
-
^
^
^

0.
5 

-

D

II 
1

D 
1

I
W

:M
: Y

uc
ca

 M
ou

nt
ai

n 
T

uf
f

v>
 

. 
pn

 
m

ea
n 

= 
0.

3 
16

 
vi

tr
ic

 
til

l 
st

d 
de

v 
= 

0.
07

6

D
ev

itr
ifi

ed
 

M
 

m
ea

n 
= 

0.
20

6 
st

d 
de

v 
= 

0.
06

1

0 
5 

10
N

um
be

r 
of

 a
na

ly
se

s
15

Fi
gu

re
 3

0.
 

H
is

to
gr

am
s 

of
 h

yd
ro

lo
gi

c 
pr

op
er

tie
s 

of
 th

e 
Y

uc
ca

 M
ou

nt
ai

n 
Tu

ff 
(T

py
) 

de
te

rm
in

ed
 fr

om
 b

or
eh

ol
e 

sa
m

pl
es

. 
A 

an
d 

C 
pl

ot
 s

am
pl

es
 fr

om
 v

itr
ic

 in
te

rv
al

s:
 n

on
w

el
de

d 
in

cl
ud

es
 d

at
a 

fro
m

 b
or

eh
ol

es
 U

Z-
N

53
, 

U
Z-

N
54

, 
U

Z-
N

55
, 

an
d 

U
Z 

#1
6;

 n
on

- 
to

 p
ar

tia
lly

 w
el

de
d 

in
cl

ud
e 

da
ta

 fr
om

 b
or

eh
ol

e 
S

D
-9

. 
B 

an
d 

D 
pl

ot
 s

am
pl

es
 fr

om
 in

te
rv

al
s 

th
at

 v
ar

y 
fro

m
 v

itr
ic

 to
 d

ev
itr

ifi
ed

 a
nd

 
in

cl
ud

e 
da

ta
 fr

om
 b

or
eh

ol
es

 U
Z-

N
11

, 
U

Z-
N

33
, 

U
Z-

N
34

, a
nd

 U
Z-

14
. 

D
en

si
ty

 a
nd

 p
or

os
ity

 d
et

er
m

in
ed

 fr
om

 r
el

at
iv

e 
hu

m
id

ity
 

ov
en

 d
et

er
m

in
at

io
ns

; d
at

a 
ar

e 
lis

te
d 

in
 a

pp
en

di
x 

4.



Yucca Mountain Tuff

mean = 2.202 
std dev = 0.086

mean = 2.427 
std dev = 0.079

1

5 10 
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Figure 31 . Histograms of particle density for the Yucca 
Mountain Tuff (Tpy). Bulk density determined at relative 
humidity (appendix 4).

Hydrologic properties of Yucca Mountain Tuff 
samples collected from exposures near Prow Pass are 
plotted in figure 36. Density and porosity variations 
illustrate the welding profile. Note that the degree of 
welding increases gradually downward and that a thick 
zone of uniform welding overlies a thin basal zone in 
which welding decreases abruptly. Perturbations of the 
density and porosity profiles similar to those noted in 
borehole UZ N33 are apparently absent, suggesting 
that the silicified zone previously discussed may not 
be regionally extensive. The percentage change in 
measured porosity (high temperature relative to deter 
minations of relative humidity) increases slightly in the 
lower 10 m of the deposit, which, by analogy to bore 
hole UZ 14, may reflect minor argillic or zeolitic alter 
ation. Measured saturated hydraulic conductivity 
varies over four orders of magnitude and is estimated

to have extremely low values (1 (T 1 ' m/s) in the densely 
welded interior of the deposit (Flint and others, 1996).

The available data demonstrate that the hydro- 
logic properties of Yucca Mountain tuff samples vary 
widely and are related to lithologic variations within 
the deposit. However, the present data are insufficient 
to establish the character, location, or hydrologic sig 
nificance of the abrupt transition from welded, devitri- 
fied tuff to non- to partially welded, vitric tuff.

Pre-Yucca Mountain Tuff Bedded Tuffs 
(TpbtS)

Units within the pre-Yucca Mountain Tuff bed 
ded tuffs, with the exception of unit E, are typically thin 
(appendix 3) and are nonwelded pumice-fall deposits 
that should have similar hydrologic properties. There 
fore, for the purposes of this discussion, the entire 
Tpbt3 is treated as one unit. Hydrologic properties 
were measured for samples of the pre-Yucca Mountain 
Tuff bedded tuffs collected from nine boreholes drilled 
since 1991 (appendix 4).

General Hydrologic Properties

Porosity and bulk density data of pre-Yucca 
Mountain Tuff bedded tuff samples are shown in 
figure 37. These plots show that the hydrologic prop 
erties are fairly consistent throughout Tpbt3. These 
samples have average porosity of nearly 39 percent and
average bulk density of 1.42 g/cm3 (fig. 37). In the 
hydrologic models discussed below, the pre-Yucca 
Mountain Tuff bedded tuffs are represented by model 
layer BT3, which was assigned a porosity of 38 percent 
(table 2).

A sample from unit E in borehole UZ 14 
has a porosity of 41.8 percent and a bulk density of
1.33 g/cm , values that are similar to other samples in 
Tpbt3 (appendix 4). This suggests that the hydrologic 
properties of the pre-Yucca Mountain Tuff bedded tuffs 
will be approximately the same in the northern part 
of Yucca Mountain where unit E and Tpbt3 reach their 
greatest thickness.

Pah Canyon Tuff (Tpp)

Hydrologic properties were measured in six 
boreholes that contain intervals of the Pah Canyon 
Tuff (appendix 4). These boreholes capture complete 
sections of nonwelded, vitric Pah Canyon Tuff. 
Hydrologic-property measurements from borehole 
samples are not available for intervals in which the 
Pah Canyon Tuff varies downward from vitric to 
altered (borehole NRG #4) or from vitric, nonwelded to 
devitrified, welded (borehole G 2). However, hydro- 
logic properties were reported for surface samples col 
lected through a sequence of welded Pah Canyon Tuff 
south of Yucca Wash near Prow Pass (Flint and others, 
1996).
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Bulk Density

Borehole UZ-14
Porosity Particle Density

15 -

 8
CX,

20 -:/  :/

25 -

First Tpy in core

;.;-:Vitric, Slightly] 
': :. Deformed,   
".; [: Argillic  ]

Vitric, Nondeformed   r
Tpy/Tpbt3 contact

0.2 0.4 
cm-Vein^

-25

2.55

Figure 33. Bulk density, porosity, and particle density of the Yucca Mountain Tuff (Tpy) in bore 
hole UZ-14. Lithologic contacts are given in table 4; borehole location is shown in figure 1. 
Hydrologic-property measurements are relative humidity oven determinations (appendix 4). Note 
the decrease in bulk density and increase in porosity toward the base of the unit and the abrupt 
decrease in particle density at the devitrified-vitric boundary.

General Hydrologic Properties

Compiled hydrologic properties for the 
Pah Canyon Tuff recovered in boreholes and 
collected from outcrops are shown in figure 38. 
Histograms of Pah Canyon Tuff property measure 
ments illustrate that the bulk densities of borehole 
samples typically vary from 1.0 to 1.3 g/cm3 and

that pore space commonly forms 40 to 60 percent 
of the tuff. Samples of welded and devi trifled 
Pah Canyon Tuff from the Yucca Wash traverse

have significantly higher density (1.6 to 2.2 g/cm3 * 
and lower porosity (less than 30 percent). As 
expected, the welded and nonwelded Pah Canyon 
Tuff samples have distinctly different particle densi 
ties (fig. 38).
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Porosity

Borehole UZ-14
Porosity Change Saturation

Vitnc, Slightly 
Deformed,   

; Argillic

-15

^-20

-25

0.0 0.2 0.4 
cm-Vcm-5 percent

80 100 120 

percent

EXPLANATION 
Porosity - Relative humidity oven 

1 - Porosity - 105°C oven 

- Porosity difference
Saturation - Relative humidity oven

Figure 35. Porosity and saturation of the Yucca Mountain Tuff in borehole UZ 14. 
Porosities determined at relative humidity and at high temperature are generally similar 
in the devitrified portion of the deposit, but differ markedly where argillic alteration is 
macroscopically prominent. Porosity change plots the percent increase in porosity 
determined at high temperature (appendix 4).
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Figure 37. Porosity and bulk density histograms for the 
pre-Yucca Mountain Tuff bedded tuffs (TpbtS). Porosity and 
bulk density determined at relative humidity (appendix 4).

Stratigraphic Controls on Hydrologic Properties

The welding, crystallization, and alteration 
history of the Pah Canyon Tuff produces significant, 
but poorly characterized, variations in hydrologic 
properties. Figure 39 shows vertical variations in 
density, porosity, and percent porosity change in bore 
holes UZ 14 and SD-9. In both examples, physical 
properties are consistent through the Stratigraphic sec 
tion and do not vary with changes in pumice-clast type 
(see the section on Stratigraphic relations). Note that 
(with one data point excepted) porosity determined at 
high temperature is only slightly greater than that

determined at relative humidity (generally less than 
10 to 12 percent), suggesting that argillic or zeolitic 
alteration of vitric Pah Canyon Tuff is minimal to 
absent in the study area.

The Pah Canyon Tuff is welded and devitrified 
in borehole G-2, for which hydrologic-property data 
are lacking. However, hydrologic properties were 
measured for a suite of samples collected from a sec 
tion of welded Pah Canyon Tuff exposed along Yucca 
Wash near Prow Pass (Flint and others, 1996). The 
density and porosity variations, which illustrate the 
welding profile (fig. 40), depict a formation that is less 
intensely and less uniformly welded than the Yucca 
Mountain Tuff (compare fig. 36). The percent porosity 
change plotted on figure 40 varies significantly in the 
lower third of the traverse, with values that exceed 
40 percent. This feature is consistent with an increase 
in secondary hydrous minerals noted by Broxton and 
others (1993) for a section of Pah Canyon Tuff sampled 
approximately 700 m northwest of borehole G-2. 
These workers found that clinoptilolite and mordenite 
compose approximately 75 weight percent of the lower 
Pah Canyon Tuff. The presence of secondary minerals 
may explain the unusual trend displayed by saturated 
hydraulic conductivity, which decreases with depth 
despite an increase in porosity in the lower part of the 
deposit.

The available data demonstrate that the 
Pah Canyon Tuff varies significantly in its hydrologic 
properties. The deposit, as observed in core from bore 
hole G-2, shares many lithologic attributes with 
welded intervals of the Yucca Mountain Tuff, including 
a silicified zone near the upper vitric-devitrified con 
tact. Unfortunately, the present data are insufficient 
to either establish the character, location, and hydro- 
logic significance of the welded to nonwelded transi 
tion or to evaluate the hydrologic and geologic 
significance of the zone of secondary mineralization 
discussed above.

Pre-Pah Canyon Tuff Bedded Tuffs (Tpbt2) 
and Non- to Partially and Moderately Welded 
Subzones of the Topopah Spring Tuff 
Crystal-Rich Vitric Zone (TptrvS, Tptrv2)

Hydrologic properties were measured in 
10 boreholes that contain whole or partial sections 
of the interval from the base of the Pah Canyon Tuff 
to the top of the Topopah Spring Tuff crystal-rich 
vitrophyre (appendix 4). These boreholes contain
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Figure 38. Histograms of hydrologic properties of the Pah Canyon Tuff determined from borehole and outcrop sam 
ples. All properties determined at relative humidity. Borehole data are listed in appendix 4; traverse data are from 
Flint and others (1996).

stratigraphic sections of vitric to variably altered tuff 
that is predominantly nonwelded. Hydrologic proper 
ties were reported for surface samples collected 
through the interval south of Yucca Wash near Prow 
Pass and along the eastern side of Solitario Canyon 
(Flint and others, 1996).

General Hydrologic Properties

Compiled hydrologic properties for the interval 
from the base of the Pah Canyon Tuff to the top of the 
Topopah Spring Tuff crystal-rich vitrophyre are plotted 
in figures 41 and 42. Histograms of these analyses

illustrate that unit D, which possibly is reworked, has 
slightly higher bulk density and lower porosity than 
the underlying pumice-fall deposits of units C and B

(1.4 g/cm3 compared to 1.1 g/cm3 and 39 percent com 
pared to approximately 50 percent, respectively). Note 
that samples collected from the argillically altered top 
of unit C have higher density and lower porosity than 
vitric samples of unit C. The bulk density and porosity 
of the non- to partially welded to moderately welded 
pumice-fall deposits of unit A vary from values similar 
to those of units B and C to values consistent with an 
increased degree of welding.

72 Stratigraphic Relations and Hydrologic Properties of the Paintbrush Tuff Nonwelded (PTn) Hydrologic Unit, 
Yucca Mountain, Nevada



Pah Canyon Tuff 

Borehole UZ-14

Bulk Density Porosity Porosity Change
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Figure 39. Bulk density and porosity of the Pah Canyon Tuff in boreholes SD-9 and UZ-14. Prop 
erties measured at relative humidity (appendix 4). Contacts showing changes in pumice-clast types 
are from table 5. Porosity change plots the percent increase in porosity determined at high tempera 
ture (appendix 4).
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Figure 41 . Histograms of bulk density for the interval from the base of the Pah Canyon Tuff to the top of the Topopah 
Spring Tuff crystal-rich vitrophyre. Data are relative humidity oven determinations for borehole samples listed in 
appendix 4.

Stratigraphic Controls on Hydrologic Properties

The depositional, welding, and alteration his 
tories of the interval from the base of the Pah Canyon 
Tuff to the top of the Topopah Spring Tuff crystal-rich 
vitrophyre produces slight vertical variations in hydro- 
logic properties. Figures 43,44, and 45 illustrate subtle 
vertical variations in hydrologic properties that are 
observed in boreholes UZ-N32, SD-9, and UZ-N54. 
In these figures, a slight change in porosity and bulk 
density occurs at or near the unit D-unit C lithologic 
contact. Note also that, with the exception of the upper 
1 to 2 m of unit C in borehole UZ N32, the hydrologic

properties of units C and B are remarkably invariant 
with depth. The marked deviation in properties 
observed at the top of unit C in borehole UZ N32 
coincides with an interval of intense argillic alteration 
and illustrates the effect of argillization on the hydro- 
logic properties of this pumice-fall deposit (fig. 43).

The increase in welding observed in the basal 
1 to 2 m of unit A in boreholes UZ-N32 and SD-9 
(figs. 40 and 44) creates an abrupt, but gradational, 
change to hydrologic properties consistent with dense 
welding. In these examples, unit A lies atop the 
crystal-rich vitrophyre of the Topopah Spring Tuff.
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Figure 42. Histograms of porosity for the interval from the base of the Pah Canyon Tuff to the top of the Topopah 
Spring Tuff crystal-rich vitrophyre. Data are relative humidity oven determinations for borehole samples listed in 
appendix 4.

The situation is more complex in borehole UZ N54, 
where unit A overlies moderately welded, devitrified, 
and vapor-phase altered pyroclastic-flow material 
(fig. 45). In this case, unit A is nonwelded to partially 
welded throughout and the abrupt change to hydrologic 
properties consistent with dense welding occurs within 
pyroclastic-flow material. The fall-flow contact in 
borehole UZ N54 coincides with a slight change 
in particle densities from values generally below

*j

2.5 g/crrr above the contact to values generally above 
2.5 g/cm3 below the contact (appendix 4).

Saturated hydraulic conductivity was measured 
or estimated for outcrop and borehole samples col 
lected from the interval between the base of the 
Pah Canyon Tuff and the top of the Topopah Spring 
Tuff crystal-rich vitrophyre (Flint and others, 1996; 
L.E. Flint, unpub. data, 1995). These data are plotted 
on figure 28, which illustrates that hydraulic conductiv 
ity in this interval is comparatively high and varies by 
slightly more than one order of magnitude (6.6E 7 to 
1.7E-5m/s).
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REGIONAL HYDROLOGIC-PROPERTY 
VARIATIONS

Bulk density and porosity profiles illustrate 
the general character of the PTn unit. Figure 46 
shows three profiles constructed from borehole 
data. The northern section merges profiles from bore 
holes UZ N33 and UZ 14 in order to produce a com 
plete composite section.

Several features observed on the profiles in 
figure 46 are representative of the regional character 
of the PTn unit. In general, the PTn strata have low 
density and high porosity when compared to the 
enclosing densely welded Tiva Canyon and Topopah 
Spring Tuffs. However, the upper and lower contacts 
of the PTn unit are decidedly different. At the upper 
contact, the change from densely welded to nonwelded 
material grades over a vertical distance of 7 to 15 m. 
In contrast, the variation in welding at the lower con 
tact is abrupt and typically occurs over a vertical dis 
tance of less than 3 m. These differences in welding 
produce asymmetric profiles of saturated hydraulic 
conductivity at the upper and lower contacts (fig. 28, 
borehole UZ# 16).

The thick pumice-fall deposits that overlie the 
Topopah Spring Tuff (units Tptrv3 and Tpbt2) are 
the most porous units in the section, with values that 
typically fall between 50 and 60 percent. Figure 28 
shows that these deposits have the highest measured 
saturated hydraulic conductivity in the PTn section. 
The nonwelded Pah Canyon Tuff plotted in figure 46 
also is highly porous, with values that fall typically 
between 40 and 50 percent. The Pah Canyon Tuff 
and post-Topopah Spring Tuff pumice-fall deposits are 
separated by a thin interval of significantly less porous 
material that comprises the (possibly) reworked mate 
rial of unit D and the argillically altered top of unit C of 
the pre-Pah Canyon Tuff bedded tuffs. The consistent 
porosity and density of the Pah Canyon Tuff and the 
post-Topopah Spring Tuff pumice-fall deposits con 
trasts with the variable character of the other bedded 
tuffs in the PTn section (Tpbt3 and Tpbt4). The 
composite UZ N33/UZ 14 profile (fig. 46) shows 
a marked change in the character of the PTn unit where 
the section includes welded Yucca Mountain Tuff.

In this section, the Yucca Mountain Tuff has less than 
20-percent porosity and deviates significantly from the 
remaining PTn units.

The Yucca Mountain Tuff is the only PTn unit 
with hydrologic properties that are documented to vary 
laterally. The significant variation in the properties of 
the Yucca Mountain Tuff mirror the welding and sec 
ondary crystallization history of the tuff sheet. The 
Pah Canyon Tuff exhibits a similar zonation in macro 
scopic welding and secondary crystallization and, pre 
sumably, has properties that vary laterally in a similar 
manner.

RESULTS OF PRELIMINARY 
HYDROLOGIC FLOW MODELS

Two-dimensional flow was numerically modeled 
along two cross sections constructed between bore 
holes. The cross sections were chosen in areas of sig 
nificantly different PTn thickness and lithology. The 
southern cross section was located near the southeast 
ern margin of the potential repository site. In this cross 
section, the PTn unit has a total thickness of 23 m, 
including a thin section of nonwelded Yucca Mountain 
Tuff, and is overlain by a thick section of densely 
welded Tiva Canyon Tuff (fig. 47 and table 2). The 
northern cross section was located near the northern 
margin of the potential repository site. This cross sec 
tion has a total PTn unit thickness of 77 m, including 
welded Yucca Mountain Tuff and a thick section of 
nonwelded Pah Canyon Tuff, and is overlain by a com 
paratively thin section of densely welded Tiva Canyon 
Tuff (fig. 48 and table 2).

The preliminary model simulations show 
that the numerical representation of the PTn units influ 
ences the direction of water movement. Lateral flow in 
the southern cross section (fig. 47) is established within 
the densely welded Tiva Canyon Tuff and in the non- 
welded pre-Pah Canyon Tuff bedded tuffs. Lateral 
flow in the northern cross section (fig. 48) is estab 
lished within the densely welded Tiva Canyon Tuff, 
within the nonwelded Pah Canyon Tuff, and the lower 
nonwelded zone of the Yucca Mountain Tuff at high 
infiltration.
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Figure 47. Results of two-dimensional flow models between boreholes UZ-N53 and UZ #16 (fig. 1) representing 
the lithology and physical properties of the Tiva Canyon Tuff, Paintbrush Tuff nonwelded units, and upper Topopah 
Spring Tuff. Infiltration was set at 0.1 millimeter per year in the model shown on left and at 1.0 millimeter per year 
in the model shown on the right. Models were computed using the TOUGH finite-difference code (Pruess, 1987) 
with parameters listed in table 2. Arrows represent relative flux direction and magnitude. Gray scale depicts satu 
ration.

Within these model simulations, unit thickness 
appears to have a large influence on lateral water trans 
mission (figs. 47 and 48). Lateral flow within the 
densely welded Tiva Canyon Tuff (model unit TCW) 
may be a function of the increased conductivity used to 
simulate the contribution of fracture permeability and 
to initiate flow in the model (see table 2 and section on 
study methods). In addition, it is likely that the gradual 
transition in properties of the base of the Tiva Canyon 
Tuff is misrepresented as an abrupt change in the prop 
erties. Nevertheless, the model results suggest that, 
at low fluxes, lateral flow is preferentially established 
where the densely welded Tiva Canyon Tuff is thick. 
Moreover, figure 48 illustrates that thick sections of 
nonwelded Pah Canyon Tuff (model unit PCI) divert 
water laterally despite having a lower permeability 
than the underlying bedded tuffs (table 2).

Figures 47 and 48 show that high saturations 
characterize the densely welded Tiva Canyon Tuff and 
the Topopah Spring Tuff crystal-rich vitrophyre, which 
have extremely low porosity and storage capacity. In 
contrast, the PTn units have saturations that are lower 
by a factor of only 2, but porosities that are typically 
greater by a factor of 5 (table 2). As shown on 
figures 47 and 48, saturation of the PTn unit is not 
influenced by the total thickness of PTn material, 
despite a significant change in storage capacity 
between the two locations. Moreover, saturation is vir 
tually unaffected by infiltration rate. In contrast with 
the densely welded Tiva Canyon Tuff, the PTn units in 
these simulations so readily divert water laterally 
downgradient that increases in saturation do not occur 
over any of the scenarios investigated. If, however, the
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Figure 48. Results of two-dimensional flow models between boreholes UZ 14 and SD-9 (fig. 1) representing the 
lithology and physical properties of the Tiva Canyon Tuff, Paintbrush Tuff nonwelded units, and upper Topopah 
Spring Tuff. Infiltration was set at 0.1 millimeter per year in the model shown on left and at 1.0 millimeter per year 
in the model shown on the right. Models were computed using the TOUGH finite-difference code (Pruess, 1987) 
with parameters listed in table 2. Arrows represent relative flux direction and magnitude. Gray scale depicts 
saturation.

numerical representation of the unit boundaries is over 
simplified to a point that, in reality, lateral diversion 
does not occur, then the storage capacity of the thicker 
PTn can obviously accommodate large volumes of 
infiltrated water.

Two potentially significant model results require 
further analysis. Figure 47 shows that high surface flux 
produces a greater downward percolation through the 
densely welded Tiva Canyon Tuff than low surface 
flux. This leads to increased saturation at the top of the 
underlying moderately welded, crystal-poor vitric 
zone. High saturation most likely is produced by the 
lower fracture density assumed for the moderately 
welded zone in these models. Figures 47 and 48 illus 
trate that intervals underlying zones of lateral flow 
within the PTn unit (beneath model unit BT2 in fig. 47 
and beneath model unit PC 1 in fig. 48) have notably

low saturation and flux. Although this simply may be 
an artifact of model properties, it could indicate that 
saturations needed to initiate fracture flow are not 
achieved at the top of the Topopah Spring Tuff crystal- 
rich vitrophyre.

These preliminary results illustrate the impor 
tance of coupling lithologic and hydrologic studies. In 
addition, they emphasize that future model simulations 
should divide the PTn unit into several hydrologic sub- 
units that include a gradual rather than abrupt transition 
through the low-permeability base of the Tiva Canyon 
Tuff (lithologic units Tpcpv2 and pvl), moderately 
welded Yucca Mountain Tuff (areally restricted to the 
northern part of the study area), thick sections of non- 
welded Pah Canyon Tuff (also areally restricted to the 
northern part of the study area), and nonwelded, bed 
ded tuff layers (lithologic units Tpbt4, Tpbt3, Tpbt2,
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and Tpp and Tpy where thin). The hydrologic effects 
of the thick nonwelded pyroclastic-flow deposits of 
unit Tpbt3E and of welded Pah Canyon Tuff, both of 
which occur in the northern part of the study area, were 
not evaluated in this study. These model simulations 
demonstrate that lateral variations in unit thickness and 
continuity clearly play a large role in fostering lateral 
diversion of water through and above the PTn unit, 
if no lateral heterogeneities are considered in the 
linearity of the unit boundaries.

AREAS FOR CONTINUED STUDY

The stratigraphic framework outlined herein 
forms the basis for future numerical flow and transport 
models of the hydrologically significant PTn unit. This 
report illuminates several areas in which continued 
studies of the PTn unit would help to constrain impor 
tant model parameters. As discussed above, significant 
variations in hydrologic properties are related to varia 
tions in welding, secondary crystallization, and alter 
ation of the PTn deposits. Future studies need to 
address the location and character of the important and 
poorly constrained transitions between welded, devitri- 
fied tuff and nonwelded, vitric tuff that occur within 
the Pah Canyon and Yucca Mountain Formations. 
Both formations are exposed in the northern Yucca 
Mountain region and are potential areas of surface 
infiltration. Additional studies to characterize the 
types, abundances, and formation of alteration prod 
ucts (clays and zeolites) could lead to a better under 
standing of porosity and permeability variations and 
permit a first-order investigation of fluid flow through 
the deposits and along fractures. Finally, studies that 
relate lithostratigraphy to borehole geophysical logs 
would extend our understanding of the PTn unit to 
boreholes that were not cored.

CONCLUSIONS

Observations of the Paintbrush Tuff nonwelded 
(PTn) hydrologic unit in core from boreholes and 
measured sections at Yucca Mountain, Nevada, were 
used to define a sequence of lithostratigraphic units 
and to characterize vertical and lateral variations 
in welding, secondary crystallization, alteration, 
and depositional history. Many of the units are region 
ally extensive and can be observed from the Yucca 
Wash area in the north to borehole GU-3 in the south. 
Several PTn units have depositional features consistent

with limited reworking of primary pyroclastic material 
and alteration that suggests the development of incipi 
ent paleosols. Marker horizons identified within the 
sequence were used to correlate PTn strata throughout 
the Yucca Mountain region. These correlations show 
that the PTn unit thins substantially southward and that 
changes in thickness are due primarily to thinning of 
the pyroclastic-flow deposits of the Yucca Mountain 
Tuff, Pah Canyon Tuff, and an unnamed pyroclastic- 
flow deposit correlated to the eruptions of the Black 
Glass Canyon rhyolite by Broxton and others (1993). 
Importantly, the lithostratigraphic units and correla 
tions defined herein permit straightforward correlation 
of the hydrologic properties of PTn units throughout 
the Yucca Mountain region.

Plots of PTn hydrologic properties as a function 
of depth show a vertical asymmetry at the upper and 
lower contacts that is created by differences in the 
nature of the welding process. These plots also show 
that post-Topopah Spring Tuff pumice-fall deposits 
and nonwelded Pah Canyon Tuff are the most porous 
deposits within the PTn unit. Although most PTn strata 
have hydrologic properties that do not exhibit signifi 
cant lateral variability, the Yucca Mountain Tuff and, 
by analogy, the Pah Canyon Tuff, have abrupt changes 
in properties that can be related to their welding and 
secondary crystallization history.

The results of preliminary hydrologic flow 
model simulations show that the PTn units, as numeri 
cally represented, control the lateral flow of water in 
the Paintbrush Group. These results also suggest that 
unit thickness within the PTn has a strong influence on 
lateral diversion and that the ability of the PTn units to 
transmit water laterally may preclude high levels of 
saturation within them. Moreover, the preliminary 
results indicate that future models should divide the 
PTn unit into several hydrologic subunits and illustrate 
the importance of coupling lithologic and hydrologic 
studies. Continued studies of the PTn unit would 
help to constrain important model parameters that 
are a function of (1) the abrupt welding transitions in 
the base of the Tiva Canyon Tuff and in the Yucca 
Mountain and Pah Canyon Tuffs, and (2) the types and 
abundances of alteration minerals. While the promo 
tion of lateral diversion required more detailed layering 
than typically used, it is noted that numerical simplifi 
cation continues to neglect gradual property transit and 
heterogeneities in linear contacts, thus overestimating 
lateral diversion in the PTn.
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Appendix 1 Supplemental Lithologic Data for the Paintbrush Tuff Nonwelded Stratigraphic 
Units at Yucca Mountain, Nevada

Tiva Canyon Tuff, crystal-poor lower nonlithophysal zone, columnar subzone (Tpcplnc) - 
Moderately welded interval

Lithology: Moderately welded, devitrified pyroclastic-flow deposit.

Matrix: Grayish orange-pink, grayish orange, or pale red (5YR7/1, 10YR7/4, 10R6/2) with light-brown to 
orange-brown (5YR6/6, 5YR6/8) devitrified shards.

Pumice clasts: Light to moderate brown (5YR5/4, 5YR3/4) and devitrified, or locally black (Nl) and 
vitric.

Lithic clasts: Medium light-gray, moderate brown, or light brownish-gray (N6, 5YR5/4, 5YR6/1) devitrified 
volcanic rock.

Miscellaneous observations: The lowest part of the unit locally contains pale yellowish-orange (10YR6/6) 
argillic (?) alteration (for example, in core from boreholes UZ Nl 1 and UZ N32). A reference example of 
this unit can be found in core from boreholes SD-9, UZ N31, and UZ N32.

Tiva Canyon Tuff, crystal-poor vitric zone, moderately welded subzone (Tpcpv2)

Lithology: Moderately welded, vitric pyroclastic-flow deposit.

Matrix: Shades of grayish orange and light brown (7.5YR6/4, 10YR6/4, 10YR7/4, 5YR6/4) or rarely shades of 
gray (N5 to N7). Shards are dominantly black or grayish orange to light brown (Nl, 5YR5/6, 10YR6/4).

Pumice clasts: Grayish pink or grayish orange-pink (5R7/2, 5R8/2, 5YR7/2) and altered (argillic?), rarely white 
or grayish black (N9, N2) and vitric.

Lithic clasts: Medium gray, very light-gray or grayish-red (N5, N8, 5R4/2) devitrified volcanic rock.

Miscellaneous observations: Pale yellowish-orange (10YR6/6) argillic (?) alteration is common (for example, in 
core from boreholes UZ N31 and NRG 7/7A). A reference example of this unit can be found in core from 
boreholes NRG-6, NRG-7/7A, SD-9, SD-12, UZ-N11, UZ-N31, and UZ-N32.

Tiva Canyon Tuff, crystal-poor vitric zone, non- to partially welded subzone (Tpcpvl)

Lithology: Non- to partially welded, vitric pyroclastic-flow deposit.

Matrix: Colors typically grade downward from grayish orange-pink, grayish orange, dark yellowish orange, or 
gray (5YR7/2, 10YR7/4, 10YR6/6, 7.5YR6/1, N5-N6) to very light gray or pinkish gray (N8, 10YR8/1). 
Shards are dominantly black or light brown (Nl, 10YR6/4) and are rarely colorless.

Pumice clasts: Clasts are dominantly altered (argillic?) and moderate orange-pink or grayish orange-pink 
(10R7/4, 5YR7/2), with subordinate vitric pinkish-gray, pale-red, or very pale-orange (5YR8/1, 7.5YR8/3, 
2.5YR7/2, 10R8/2) clasts.

Lithic clasts: Common medium gray or very light-gray (N5, N8) and rare pale yellowish-brown or grayish-red 
(10YR6/2, 5R6/2) devitrified volcanic rock.

Miscellaneous observations: The base of the formation is typically marked by a pumice-rich ground layer. 
Matrix, pumice clasts, and lithic clasts in the ground layer have different proportions but are the same colors as 
in the overlying pyroclastic-flow deposit. In core from borehole NRG-7/7A, shard bubbles appear to be filled 
with a milky white amorphous mineral (opal?). A reference example of this unit can be found in core from 
boreholes NRG-6, NRG-7/7A, SD-9, SD-12, UZ-N11, and UZ-N32, and measured section PTn#3.
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Pre-Tiva Canyon Tuff bedded tuffs (Tpbt4) - Unit B

Lithology: Well-sorted pumiceous deposit.

Matrix: Moderate reddish orange (10R6/6) in top 10 to 50 cm of unit, matrix is not macroscopically visible 
below.

Pumice clasts: White to grayish orange-pink or moderate orange-pink (N9, 10R8/2, 5YR8/4).

Lithic clasts: Pale-red, medium light-gray, and rarely grayish-orange (10R6/2, N6, 10YR7/4) devitrified volcanic 
rock, and very light-gray and dusky brown (N8, 5YR2/2) glass.

Miscellaneous observations: In core from borehole SD-12, some pumice clasts are grayish yellow to moderate 
yellow (5Y8/4, 5Y7/6) and appear to be altered. The incipient paleosol at the top of unit B is locally absent; 
for example, in core from borehole UZ N11. A reference example of this unit can be found in core from bore 
holes UZ-N11, SD-12, and NRG-7/7A.

Pre-Tiva Canyon Tuff bedded tuffs (Tpbt4) - Unit A

Lithology: Brown, nonwelded pyroclastic-flow deposit.

Matrix: Moderate yellowish brown (10YR5/4) with abundant dark yellowish-orange to black (10YR6/6, Nl) 
glass shards.

Pumice clasts: White (N9).

Lithic clasts: Medium light-gray to pale-red (N6, 5R6/2) devitrified lava, black (Nl) obsidian, some with flow 
foliation, and very light-gray (N8) perlitic glass.

Miscellaneous observations: Proportions of matrix, pumice clasts, and lithic clasts vary laterally. For example, 
unit A in core from borehole UZ #16 is matrix rich (80 to 90 percent), with 5 to 15 percent lithic clasts and 3 
to 5 percent pumice clasts, while in core from borehole NRG-6, it contains up to 25 percent lithic clasts and 
up to 20 percent pumice clasts. A reference example of this unit can be found in core from boreholes NRG-6 
andUZ#16.

Yucca Mountain Tuff (Tpy)

Lithology: Non- to densely welded, vitric to devitrified, pyroclastic-flow deposit.

Matrix: Thick, vitric sections of the Yucca Mountain Tuff (boreholes NRG 7/7 A, SD-9) typically exhibit a 
downward change in whole-rock color from shades of grayish orange-pink (5YR6/1, 5YR7/1, 5YR6/2, 
5YR7/2, 10R7/1) to shades of very light gray (N7, N8, 10YR8/1) to shades of pale red (10R6/2) or pale 
yellowish brown (7.5YR6/2, 10YR6/1, 10YR7/1, 10YR6/2, 10YR7/2) to shades of light gray to very light 
gray (N7, N8, 10YR8/1). Where thinner (boreholes NRG #2B, UZ #16, UZ-N53, UZ-N54, and UZ-N55), 
the vitric tuff has less variability and is found in colors that include very light gray, pale yellowish brown, 
very pale orange (10YR8/2), white (N9), or grayish orange (10YR7/3, 10YR7/4). Where the tuff varies down 
ward from vitric to devitrified (boreholes UZ Nl 1, UZ N33, UZ N34), rock colors change from shades of 
grayish orange-pink to shades of grayish brown (5YR4/1, 5YR5/1, 10YR4/1, 10YR5/1) to shades of pale 
yellowish brown or light brownish gray (5YR5/1). Where the tuff varies downward from devitrified to vitric 
(borehole UZ 14), rock color changes from shades of grayish orange-pink to shades of light brown (5YR6/3, 
5YR6/4) to shades of pale yellowish brown to shades of light gray to very light gray.

Translucent, vitreous, granular ash (boreholes NRG 7/7 A and SD-9) occurs in shades of pinkish gray 
(5YR8/1, 5YR8/2) to very light gray (N8, 10YR8/1) or white (N9). Cloudy or opaque granular ash that may 
be incipiently devitrified or altered occurs in shades of grayish orange-pink (5 YR7/2, 5 YR8/2), grayish pink 
(5YR8/1), very pale orange (10YR8/2), or medium light gray (N6). Argillically altered matrix is dark yellow 
ish orange (10YR8/6), grayish orange (10YR8/4), or pale yellowish brown (10YR6/1).
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Glass shards grade downward from colorless to shades of grayish orange-pink (5YR7/1), very pale orange 
(10YR8/2), or pale yellowish brown (10YR5/1, 10YR6/1, 10YR5/2, 10YR6/2) to shades of moderate yellow 
ish brown (10YR5/4, 10YR4/4), dark yellowish brown (10YR4/2), dusky yellowish brown (10YR2/2), or 
grayish black (N2) to shades of grayish orange-pink, very pale orange, or pale yellowish brown, to colorless. 
Shard colors depend partly on the thickness of the shard wall and partly on the viewing angle; it is common 
for colorless shards to appear medium dark gray (N4) on edge. Devitrified shards typically are light brown 
(5YR6/4, 5YR6/6, 5YR7/8).

Pumice clasts: Vesicular or frothy, vitric clasts with spherical to elongate vesicles are grayish black to medium 
gray (N2 to N5), dark, moderate, or light yellowish brown (10YR4/2, 10YR 5/4, or 10YR6/2), very pale 
orange (10YR8/2), or colorless. Silky, finely fibrous clasts, likely devitrified or altered, occur in shades of 
grayish orange (10YR7/4), moderate pink to moderate orange-pink (5R7/4 to 10R7/4), grayish orange-pink 
(10R8/2), or light to very light gray (N7 to N8). Pumice clasts that contain coarse vapor-phase crystals appear 
brownish gray to light brownish gray (5YR4/1 to 5YR6/1) to pale red (5R6/2). Argillically altered pumice 
clasts appear pinkish gray to grayish pink (5YR8/1 to 5R8/2).

Lithic clasts: Clasts of devitrified volcanic rock occur in shades of pale red (5R5/1 to 5R6/2, 5R7/2), medium to 
light gray (N5 to N7), and pale brown (5YR5/2) to grayish orange-pink (5YR7/2).

Miscellaneous observations: The core from most boreholes preserves evidence for reworking of the upper Tpy: 
(1) Discontinuous sandy partings of a few millimeters thickness and composed of broken glass shards occur to 
0.6 m below the upper Tpy contact in UZ Nl 1 and to 0.3 m below the contact in UZ N33. (2) Matrix ash in 
UZ-N33 is cloudy from the upper contact to about 14.7 m. (3) Red-stained lithic clasts occur in the upper 
few centimeters of Tpy in borehole UZ Nl 1. (4) A discontinuous layer of comparatively coarse (5 mm diam 
eter), angular, lithic clasts occurs below a bedding break at 0.05 m below the contact in borehole UZ N33. 
(5) The rock matrix is darker in the upper 0.6 m of borehole UZ-N11 than below (10YR6/2 versus N8) and in 
the upper few centimeters of Tpy in borehole SD-9 (5YR8/2 versus 5YR8/1). The rock matrix is light brown 
(5YR6/3, 5YR7/4) in the upper meter of borehole a#6 (versus 10YR8/2 below). (6) A rounded, cobble-shaped 
mass of Tpbt4A material [70 mm long by >57 mm (core width)] occurs at 52.5 m in borehole UZ #16 (contact 
is at 50.6 m). The "cobble" has a matrix color of 7.5YR6/4, contains a few percent of bubble-textured glass 
shards (10YR5/4 glass), 1 to 2 percent feldspar phenocrysts, and 15 percent lithic clasts (1 to 3 mm) that 
include colorless globule-textured glass, devitrified volcanic rock (5R4/2, 5R6/2, 5YR7/2), and obsidian (N2). 
This material may represent a burrow infilled by material from above.

The lower 20 to 30 mm of Tpy is a coarse, clast-supported, lag deposit. The lag contains 20 to 30 percent 
of frothy to coarsely vesicular, vitric pumice clasts (colorless, 10YR6/2, 10YR7/2, 10YR6/6) that are typically 
10 to 20 mm; 20 to 40 percent of lithic clasts (devitrified volcanic rock in shades of N6 to N7, 5R4/2 to 5R6/2 
to 5YR6/2 and colorless, globule-textured glass) that are typically smaller than 10 mm; blocky, cuspate glass 
shards that vary from N2 to 10YR5/4 to 10YR7/2; and less than 5 percent crystals of feldspar. Laminated 
surge and ground layers occur in lowest 0.5 m of the formation in core from borehole G-2.

Reference stratigraphic intervals of non- to partially welded, vitric Tpy can be found in core from bore 
holes SD-9 and NRG 7/7A; the upper vitric to devitrified transition is well preserved in core from bore 
holes UZ Nl 1 and UZ N33; and the lower devitrified to vitric transition is well preserved in core from 
borehole UZ 14.

Pre-Yucca Mountain Tuff bedded tuffs (TpbtS) - Unit G

Lithology: Light-brown, poorly sorted, clast-supported fallout (?) deposit. 

Matrix: Light brown (5YR6/4). 

Pumice clasts: White (N9).
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Lithic clasts: Dominant colorless to very light-gray (N8) glass (some perlitic), subordinate pale-red (5R6/2) 
devitrified volcanic rock, and rare dusky brown to black (5YR2/2, Nl) glass.

Miscellaneous observations: A reference example of this unit can be found in core from boreholes UZ 14, 
SD-9, and UZ #16, and measured sections PTn#2, PTn#8, and PTn#10.

Pre-Yucca Mountain Tuff bedded tuffs (TpbtS) - Unit F

Lithology: Light-gray to tan fallout deposit.

Matrix: Unit does not contain macroscopically visible matrix.

Pumice clasts: White, grayish pink, and grayish orange (N9, 5R8/2, 10YR7/4).

Lithic clasts: Dominant colorless to very light-gray (N8) glass (some perlitic), subordinate moderate light-gray, 
pale-red, moderate red, and light-brown (N6, 5R6/2, 5R5/4, 5YR6/4) devitrified volcanic rock, and very rare 
black (Nl) glass.

Miscellaneous observations: A reference example of this unit can be found in core from boreholes UZ 14, 
UZ #16, NRG-7/7A, and NRG-6.

Pre-Yucca Mountain Tuff bedded tuffs (TpbtS) - Unit E

Lithology: Nonwelded pyroclastic-flow deposits and laterally equivalent ash-rich fallout deposit.

Matrix: In the pyroclastic-flow deposit: white to grayish orange-pink (N9, 10R8/2). In the fallout deposit: 
moderate orange-pink (5YR8/4).

Pumice clasts: In the pyroclastic-flow deposit: white (N9) and very rare moderate reddish orange (10R6/6). In 
the fallout deposit: moderate orange-pink to grayish orange-pink (5YR8/4, 10YR8/2).

Lithic clasts: In the pyroclastic-flow deposit: dominant very light-gray (N8) to colorless perlitic glass, sub 
ordinate pale yellowish-brown, pale-red, moderate brown, and medium light-gray (10YR6/2, 10R6/2, 
5YR4/4, N6-N7) devitrified volcanic rock, and rare black (Nl) glass. In the fallout deposit: dominant color 
less to very light-gray (N8) perlitic glass, subordinate pale-red (5R6/2, 10R6/2) devitrified volcanic rock, and 
black (Nl) glass.

Miscellaneous observations: A reference example of the pyroclastic-flow deposits in this unit can be found in 
core from boreholes G 2 and UZ 14 and measured section PTn#l; a reference example of the ash-rich fallout 
deposit in this unit can be found in core from borehole NRG-6.

Pre-Yucca Mountain Tuff bedded tuffs (Tpbt3) - Unit D

Lithology: Light-gray, coarse, moderately sorted fallout deposit.

Matrix: Unit does not contain macroscopically visible matrix.

Pumice clasts: White, pale yellowish orange, and light brown (N9, 10YR8/6, 5YR6/4).

Lithic clasts: Dominantly moderate light-gray, pale brown, pale-red, and moderate reddish-brown (N6, 5YR5/2, 
5R6/2, 10R4/6) devitrified volcanic rock, subordinate colorless to very light-gray (N8) perlitic glass, rare 
black (Nl) glass, and grayish-orange-pink (5YR7/2) porphyritic devitrified volcanic rock.

Miscellaneous observations: Lithic clasts are typically altered or "rusted," with dusky red to moderate reddish- 
orange (5R3/4, 10R4/6) alteration. The alteration of lithic clasts appears to be confined to evenly spaced hori 
zons along bedding planes. A reference example of this unit can be found in core from boreholes NRG-7/7A 
andUZ#16.
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Pre-Yucca Mountain Tuff bedded tuffs (Tpbt3) - Unit C

Lithology: Tan, moderately sorted, pumiceous fallout deposit.

Matrix: Pale yellowish brown to dark yellowish orange (10YR6/2, 10YR6/6).

Pumice clasts: White (N9) with a light-brown (5YR6/4) coating.

Lithic clasts: Pale red, moderate red, pale-brown to moderate brown, and moderate light-gray (5R6/2, 5R5/4, 
5YR5/2, 5YR4/4, N6) devitrified volcanic rock, colorless to very light-gray (N8) glass (some perlitic), and 
rare black (Nl) glass.

Miscellaneous observations: A reference example of this unit can be found in core from boreholes UZ #16, 
SD-12, andUZ-N37.

Pre-Yucca Mountain Tuff bedded tuffs (Tpbt3) - Unit B

Lithology: Poorly sorted, clast-supported to matrix-supported, weathered or reworked fallout deposit.

Matrix: Typically moderate reddish orange to grayish orange-pink (10R6/6, 5YR7/4), rarely light brown 
(5YR6/4).

Pumice clasts: White to grayish orange-pink (N9, 10R8/2).

Lithic clasts: Pale-red, moderate light-gray, and moderate red (5R6/2, N6, 5R5/4) devitrified volcanic rock, and 
subordinate colorless to very light-gray (N8) perlitic glass.

Miscellaneous observations: A reference example of this unit can be found in core from boreholes SD-12 and
NRG-7/7A.

Pre-Yucca Mountain Tuff bedded tuffs (Tpbt3) - Unit A

Lithology: Gray, coarse-grained, pumiceous fallout deposit.

Matrix: Matrix is not macroscopically visible in this unit, except where the upper contact of the unit is grada- 
tional.

Pumice clasts: Very light gray to moderate orange-pink (N8, 5YR8/4); some pumice clasts have pale yellowish- 
orange (10YR8/6) rims.

Lithic clasts: Pale-red, moderate light-gray, and grayish-red (5R6/2, N6, 10R4/2) devitrified volcanic rock, rare 
colorless to very light-gray (N8) perlitic glass, rare black and light-red (Nl, 5R6/6) glass.

Miscellaneous observations: A reference example of this unit can be found in core from boreholes NRG 6 and
NRG-7/7A.

Pah Canyon Tuff (Tpp)

Lithology: Non- to moderately welded, vitric to locally altered or devitrified, pyroclastic-flow deposit.

Matrix: The matrix colors of vitric tuff typically vary downward from shades of grayish pink to grayish orange- 
pink (5R7/2, 5YR7/2) to shades of moderate orange-pink or light brown (10R7/4, 2.5YR7/2, 2.5YR7/3, 
5YR6/3, 5YR7/4, 5YR8/3) to shades of yellowish brown to grayish orange (10YR7/1, 10YR7/3, 10YR6/1, 
10YR6/2) to shades of grayish pink, very pale orange, or white (5YR8/1, 10YR8/1, N9). Glass shards are 
most commonly colorless, but may be pale to dark yellowish brown (10YR6/2 to 10YR3/1) or dark gray to 
grayish black (N3, N2). Altered shards are light brown (5YR6/6).
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The matrix colors of altered tuff are variable and include shades of pinkish gray (5R8/2), pale orange-pink 
(7.5YR8/3), moderate orange-pink (10R8/4), very pale orange (10YR8/2), pale greenish yellow (5Y8/1), and 
grayish yellow (5Y7/4). Remnant shard textures are variably, but generally poorly, preserved, the rock has a 
"chalky" texture, and millimeter-sized spots of MnOx locally are common.

The matrix colors of devitrified tuff vary downward from shades of light brown (7.5YR6/4) to moderate 
brown (7.5YR4/4) to grayish orange-pink (5YR7/2, 5YR7/1, 5YR8/2, 5YR8/3).

Pumice clasts: Type I pumice clasts, where vitric, are typically light to very light gray (N7 to N8), but may grade 
to medium light gray (N6) or shades of very pale orange (10YR8/1, 10YR8/2) or grayish orange-pink 
(5YR8/2). Frothy, vitric type //pumice clasts vary from light pinkish brown (2.5YR6/3) to dark yellowish 
orange (10YR6/6); silky type II clasts are typically shades of yellowish orange (10YR7/6) to pale grayish 
orange (10YR8/4). Vitric type II-cv clasts have colors that vary from dark gray (N3) to dusky yellowish 
brown (10YR3/1) to pale yellowish brown (10YR6/1) to dark yellowish orange (10YR6/6).

Altered pumice clasts may appear grayish orange-pink (5YR7/2), pinkish gray (5YR8/1), moderate orange- 
pink (5YR8/4, 10YR8/4), very pale orange (10YR8/2), or very light gray to white (N8 to N9).

Devitrified pumice clasts occur in shades of pale, moderate, or light brown (5YR5/2, 5YR4/4, 5YR6/4), or 
grayish orange-pink (5YR7/2). Vapor-phase altered pumice clasts are pinkish gray to grayish pink (5YR8/1, 
5R8/2).

Lithic clasts: Clasts of devitrified volcanic rock occur in shades of grayish red to pale red (5R4/2 to 5R6/2, 
5R6/1), medium to light gray (N5 to N7), or moderate to light brown (5YR4/4 to 5YR6/4). Clasts of glassy 
volcanic rock occur in shades of grayish black to medium dark gray (N2 to N4) or moderate reddish brown 
(10R4/6). Where the tuff is altered, moderate reddish-brown (10R4/6) glassy lithic clasts are replaced by 
altered clasts of similar color.

Miscellaneous observations: Mean pumice shape ratios for welded Pah Canyon Tuff in borehole G 2 are given 
in table A 1. The unit appears as a single, reversely graded bed in borehole SD-12. The lowest several feet 
of the formation are comparatively fine grained in borehole UZ-N32. The upper 0.3 m of the deposit in bore 
holes UZ-N31 and G-2 may be reworked. The formation grades downward from altered to vitric in bore 
holes a#l and a#5 and from vitric to altered in borehole NRG #4. The formation is altered throughout bore 
holes NRG #2B and a#7. Abundant, euhedral blocky crystals occur throughout the matrix in borehole G-2 
from 188.4- to 196.9-m depth. High-angle to subvertical fractures are observed in boreholes NRG #4 (136.8 
to 137 m) and G-2 (188.4 to 196.9 m). A clast-supported, crystal-lithic-pumice-rich fall horizon occurs at 
213.5 m (as measured upward from the core run marker at 215.2 m) in borehole G 2. Reference stratigraphic 
sections of nonwelded, vitric Pah Canyon Tuff can be found in core from boreholes UZ-14 and NRG-7/7A; 
for welded, devitrified Pah Canyon Tuff in core from borehole G-2, and for nonwelded, vitric to altered 
Pah Canyon Tuff in core from borehole NRG #4.

Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), unit D

Lithology: Matrix-supported, possibly reworked deposit.

Matrix: Pale yellowish brown (10YR7/2) that varies to light brown (5YR6/4); may be pale brown (5YR6/2) 
where locally altered.

Pumice clasts: Two types occur: (1) Light-gray to very light-gray (N7 to N8) clasts are vitric [grayish yellow 
(5Y8/4) where altered]. (2) Moderate orange-pink (10R7/4) clasts (typically this coloration occurs as a rind 
enclosing a lighter interior) are slightly altered; they are light brown (5YR5/6) where strongly altered. These 
pumice clasts are more abundant where the substrate is argillically altered, and they tend to become less abun 
dant stratigraphically upward.
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Table A-1. Mean pumice shape ratios in the Pah Canyon Tuff borehole USW G-2

Depth 
range

l53.5-l53.9m

155.1-155.3

156.7-156.8

158.3-158.6

159.8-160.0

161.5-161.8

163.1-163.4

164.6-164.8

167.0-167.3

169.2-169.5

170.7-171.0

172.5-172.8

174.0-174.3

175.6-175.9

176.8-177.1

178.3-178.6

179.9-180.2

181.7-182.0

183.1-183.3

184.4-184.6

186.0-186.2

187.4-187.7

189.0-189.3

190.5-190.8

192.0-192.3
193.5-193.8

195.1-195.4

196.3-196.5

198.1-198.4

199.6-199.9

201.2-201.5

202.7-203.0

204. 1-204.3
205.4-205.7
207.0-207.3

208.6-208.9

210.3-210.6

211.9-212.1

213.3-213.5

214.9-215.2

216.6-216.7

218.4-218.7
220.1-200.4

222.4-222.7

Average 
ratio

2.31

1.84

2.03

2.03

2.08

2.65

1.77

1.76

2.72

2.45

2.37

2.31

4.29

3.34

4.24

4.62

3.97

3.50

2.71

2.87

4.37

3.01

4.40

2.76

3.22
3.05
4.28

5.15

3.81

3.90

2.71

4.19

2.67
4.88
4.38

2.90

2.36

2.32

2.17

1.76

1.94

2.23
2.34

2.04

Standard 
deviation

0.94

0.74

0.89

0.59

0.89

1.79

0.65

0.45

0.97

1.52

0.93

0.64

2.00

2.39

2.78

1.55

2.58
1.44

2.31

 0.69

2.58

1.03

1.42

1.56

1.39
1.12

2.07

2.42

1.98

0.93

1.57

1.94

1.35
2.06
1.05

1.03

0.57

1.12

0.78

0.52

0.43

1.11

0.98

0.82

Number

10

10

9

9

10

13

13

10

10

10

11

11

11

11

11

10

10

12

11

12

12

11

10

10

11

11

10

10

10

10

10

10

10

10

8

10

10

11

11

7

10

10
10

7
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Lithic dasts: Clasts include grayish-black (N2), feldspar-phyric glass and devitrified volcanic rock in shades of 
pale red to pale brown (10R6/2 to 5YR6/2).

Miscellaneous observations: A thin (about 0.1 m), clast-supported deposit of light-gray (N7 to N8) pumice is 
preserved within unit D in boreholes NRG-6, UZ N31, a#l, and G-2. This deposit, which occurs approxi 
mately 0.5 m below the upper contact of unit D, has upper and lower contacts that are gradational over less 
than 5 cm, suggestive of reworking. In borehole GU 3, unit D is thicker than normal, and the lower part is an 
immature, coarse, tuffaceous sandstone that is moderately sorted. The upper part of unit D is finer grained, 
more poorly sorted, and richer in biotite than the lower part of the deposit; the lower part of unit D contains 
minor pyroxene. Reference stratigraphic intervals for unit D can be found in boreholes UZ N31, UZ #16, 
SD-9, and UZ-N37.

Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), unit C

Lithology: Variably altered, nonwelded, clast-supported, moderately sorted pumice-fall deposit.

Matrix: Matrix ash typically occurs in shades of very pale orange to white (10YR8/1, 10YR8/2 to N9), but 
locally may be grayish orange-pink to very pale orange (7.5YR7/3 to 10YR7/2). Hydrothermal (?) alteration 
may occur along clast margins or within the matrix, imparting a moderate reddish-brown (10R4/6) stain. Top 
of the unit locally is argillically altered with variable colors that include moderate red, moderate pink or mod 
erate orange-pink, grayish pink or grayish orange-pink, and white (5R5/4, 5R7/4 to 10R7/4, 5R8/2 to 10R8/2, 
N9).

Pumice clasts: Shades of very pale orange to white (10YR8/1, 10YR8/2 to N9) where vitric and unaltered, 
but may be white, yellowish gray, grayish yellow, very pale orange, or light brown (N9, 2.5 Y8/2, 5 Y8/4, 
10YR8/2, 5YR6/4 to 5YR6/6) where altered.

Lithic clasts: Clast types include grayish-black (N2), biotite- and feldspar-bearing glass [commonly with moder 
ate yellowish-brown (5YR5/6) alteration]; devitrified volcanic rock in shades of moderate red to light red 
(5R5/4 to 5R6/6) and pale red to grayish pink or light gray (5R6/2 to 5R8/2 or N7); glassy, biotite- and 
feldspar-bearing tuff that is moderate yellowish brown (5YR5/6) when welded but moderate reddish orange 
to light red (10R6/6 to 5R6/6) when nonwelded; grayish-orange-pink (5YR7/1), feldspar- and biotite-bearing, 
hydrated glass; and light-gray (N7), finely crystalline (cognate?) subvolcanic rock. Clast types are generally 
similar throughout, although clasts of moderate red (5R5/4) volcanic rock may be more abundant below ash 
layer 2.

Miscellaneous observations: Crystals compose from 5 to 7 percent of the rock above ash layer 2 and from 7 to 
10 percent below ash layer 2. Estimated biotite:pyroxene ratios are from 5:1 to 7:1 above ash layer 2 and 
from 5:1 to 10:1 below. Reference stratigraphic intervals for unit C can be found in boreholes UZ-N53, 
UZ-14, SD-9, and NRG-6.

Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), ash layer 2

Lithology: Pinkish ash overlain by a thin, lithic-rich fallout.

Matrix: Basal ash is grayish pink to grayish orange-pink (5R7/2 to 5YR7/2).

Pumice clasts: White to very pale orange (N9 to 10YR8/1).

Lithic clasts: Moderate red (5R5/4), devitrified volcanic rock, light-brown (5YR5/6), feldspar-phyric glass, and 
grayish-black (N2) glass.

Miscellaneous observations: Reference stratigraphic intervals can be found in core from boreholes UZ 14 and 
NRG-6.
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Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), unit B [includes the upper part of the Topopah Spring Tuff 
crystal-rich vitric zone, non- to partially welded subzone (Tptrv3) as defined by Buesch, Spengler, and 
others, 1996]

Lithology: Altered, nonwelded, clast-supported, moderately sorted pumice-fall deposit. 

Matrix: This unit contains little to no matrix.

Pumice clasts: Altered clasts are light brown (5YR5/6, 7.5YR5/8). Vitric to slightly altered clasts are very light 
gray to white (N8 to N9), locally grayish pink (5R8/2).

Lithic clasts: Clasts of feldspar- and biotite-bearing glass are either grayish black (N2) with light-brown
(5YR5/6) alteration or light brown (5YR5/6); colorless glass appears aphyric. Clasts of devitrified volcanic 
rock are pale to moderate red (5R6/2 to 5R5/4), grayish red to medium light gray (10R5/1 to N6), or pale 
brown (5YR5/2). Other clasts include white (N9), sugary, hypabyssal (?) rock; dark yellowish-brown 
(10YR4/1), feldspar- and biotite-bearing cognate (?) inclusions; and moderate pink (5R7/4), feldspar- and 
biotite-bearing tuff.

Miscellaneous observations: Indistinct pumice-clast margins create the appearance of matrix support; the deposit 
contains very light-gray pumice clasts enclosed by light-brown material. An abrupt decrease in the amount of 
glassy lithic clasts occurs in the lower part of the deposit. Core from boreholes SD-9 and UZ N37 can be 
used as reference stratigraphic intervals for unit B.

Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), ash layer 1 (top of the Topopah Spring Tuff as defined by 
Buesch, Spengler, and others, 1996)

Lithology: Pinkish ash overlain by a thin, lithic-rich fallout.

Matrix: Basal ash is light red, moderate pink, or moderate orange-pink (5R6/6, 5R7/4, 10R7/4).

Pumice clasts: Vitric pumice clasts are white (N9).

Lithic clasts: Devitrified volcanic rock occurs in shades of grayish red, pale red, or medium light gray (5R4/2, 
5R6/2, N6).

Miscellaneous observations: In borehole G 2, ash layer 1 consists of 2-cm-thick ash beds that are separated by 
about 3 cm of coarser, clast-supported fallout. Core from boreholes SD-9 and NRG 6 can be used as refer 
ence stratigraphic intervals for ash layer 1.

Pre-Pah Canyon Tuff bedded tuffs (Tpbt2), unit A [includes the Topopah Spring Tuff crystal-rich vitric 
zone, non- to partially welded subzone (Tptrv3) and moderately welded subzone (Tptrv2) as defined by 
Buesch, Spengler, and others, 1996]

Lithology: Variably welded, clast-supported, moderately sorted pumiceous fallout.

Matrix: This unit contains little to no matrix ash.

Pumice clasts: Vitric clasts are medium light gray (N6) and moderate brown (5YR4/4).

Lithic clasts: Clasts of devitrified, feldspar- and biotite-bearing volcanic rocks occur in shades of medium light 
gray (N6), grayish red (10R5/1), and moderate to pale red (5R5/4 to 5R6/2). Clasts of colorless glass are very 
rare.

Miscellaneous observations: Large pore spaces separate clasts in the upper part of the unit. Intergranular 
porosity decreases downward so that most porosity is eliminated in the lowest 15 cm of the deposit where 
pumice clasts are deformed and define foliation. Unit A may be compositionally zoned as suggested by 
changes in phenocryst amount and type downward. Brown pumice clasts predominate light-gray clasts in the 
upper 50 cm to 1 m of the deposit, but are subordinate to light-gray clasts in the lower part of the unit. Brown 
pumice clasts have phenocrysts of feldspar, minor biotite, and pyroxene, whereas light-gray clasts have sparse 
phenocrysts of feldspar in the upper part of the deposit. At lower stratigraphic levels, both types of pumice 
have only feldspar phenocrysts. Opal (?) locally forms a very thin coating on fragments within the upper part 
of the deposit, which imparts a pale-red (10R6/1) color to pumice, lithic clasts, and crystals. Core from bore 
hole UZ N32 and NRG 6 can be used as reference stratigraphic intervals for unit A.
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Appendix 2 Measured Stratigraphic Sections of the Paintbrush Tuff Nonwelded 
Hydrologic Unit at Yucca Mountain, Nevada

Measured Stratigraphic section on Isolation Ridge (section PTn#1)

Location description: Section begins on the northern nose of the ridge, north of a near-vertical fault 
trending 340. Measurement began in the Pah Canyon Tuff, in a gully at the base of the ridge, and 
continued to the base of the Tiva Canyon Tuff. Measurement was then offset to the south along the 
basal Tiva Canyon Tuff contact, trending up the southwest side of the ridge.

Approximate starting location: N777540 E563660 (Nevada state coordinate system), elevation 
4,445 ft. Approximate finishing location: N777450 E564714 (Nevada state coordinate system), 
elevation 4,750 ft.

Strike and dip of bedding: 38 (N38E), 6 on bedded tuff 3.1 m above the Pah Canyon Tuff. 37 (N37E), 7 
on bedded tuff 4.6 m below Yucca Mountain Tuff. 20 (N20E), 9 on basal contact of the Tiva Canyon 
Tuff.

Line of section: 128 below the Tiva Canyon Tuff, with multiple small southwest offsets to stay on nose of 
ridge. 89 on the southwest side of the ridge above the basal Tiva Canyon Tuff contact. Average dip in 
the line of section is 7.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln) 
Columnar subzone (Tpcplnc)

8.0 Pyroclastic-flow deposit, light pinkish tan to brownish pink upward, moderately welded to 
densely welded upward. Pumice clasts are grayish red-brown, vapor-phase altered, and cor 
roded (mostly <30 mm). Pumice textures are less visible upward. Some shard textures visible 
in lower 2.4 m. Well-developed vertical cooling joints. Upper contact is irregular and grada- 
tional over ~1 m.

Crystal-poor vitric zone (Tpcpv) 
Moderately welded subzone (Tpcpv2)

0.5 Pyroclastic-flow deposit, tan with black glass shards, moderately welded. Pumice clasts 
are light pink, argillically altered (average <10 mm, maximum 35 mm). Rare lithic clasts 
(<3 mm).

Non- to partially welded subzone (Tpcpvl)

4.8 Pyroclastic-flow deposit, moderate gray to dark gray upward, nonwelded, degree of sintering 
increases upward, vitric. Normally graded pumice clasts (maximum -20 mm in the basal 
40 cm).

1.4 Pyroclastic-flow deposit, moderate gray, nonwelded, vitric. Pumice clasts are coarse and nor 
mally graded in basal 15 cm. Pumice clasts are light pink and vapor-phase altered or light 
gray and vitric. Top is marked by a 5-cm-thick flow parting with fine laminations and faint 
crossbedding.

0.05 Pumiceous fallout deposit, bed pinches, and swells. Ninety percent pumice clasts (average
<30 mm). Ten percent maroon rhyolite lithic clasts (average <20 mm).
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Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.4 Unit B - Paleosol on pumiceous fallout deposit, dark red to pink. Base not exposed. 

2.25 Covered interval.

Yucca Mountain Tuff (Tpy)

6.0 Pyroclastic-flow deposit, pinkish gray, moderately welded. Clear glass shards with vapor-phase 
mineralization. Top of unit is covered.

5.5 Pyroclastic-flow deposit, orange, densely welded.

2.0 Pyroclastic-flow deposit, medium to dark gray, partially to moderately welded. Deformed glass 
shards are black, vitric. Orange pumice clasts (<10 mm).

1.5 Pyroclastic-flow deposit, light gray, nonwelded. Dominantly glass shards. 

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.3 Covered interval.

0.7 Unit G - Fine-grained pumiceous fallout deposit. Two units (lower = 40 cm, upper = 30 cm). 
Seventy percent pumice clasts (<5 mm). Twenty percent lithic clasts include gray glass, red 
porphyritic devitrified volcanics, pink and gray banded rhyolite. Ten percent crystals include 
feldspar.

0.15 Unit F - Lithic- and pumice-rich fallout deposit with one or two interbedded fine ash layers. 
Fifty percent pumice clasts (<15 mm). Thirty percent lithic clasts include gray glass, red por 
phyritic devitrified volcanics, pink and gray banded rhyolite.

Unit E -

2.0 Pumiceous pyroclastic-flow deposit, grayish yellow, nonwelded. Top is irregular, locally fine
grained, and pink (paleosol?). Pumice clasts are blocky in a coarse-grained matrix. Crude inverse 
grading defined by pumice clasts (up to 63 x 49 cm near top). Five percent lithic clasts include gray 
glass, pink and gray banded rhyolite (<15 mm).

0.2 Pumiceous fallout deposit. Sixty five to 75 percent pumice clasts (mostly <12 mm, maximum 
25 mm). Fifteen and 20 percent lithic clasts are mostly gray glass (<7 mm). Ten to 15 percent 
crystals, including feldspar and rare biotite. Crude bedding.

1.2 Pumiceous pyroclastic-flow deposit, grayish yellow, nonwelded. Blocky pumice in a coarse-grained 
matrix (maximum 70 x 30 mm). Less than 1 percent lithic clasts include gray glass (<15 mm). Basal 
2 cm is fine grained with crude bedding.

0.4 Pumiceous fallout deposit. Crude inverse grading. Pumice clasts contain 5 percent crystals (mostly 
<15 mm, rarely to 40 mm). Five percent lithic clasts include gray glass, dark-red devitrified volca 
nics, pink and gray banded rhyolite (mostly <3 mm, rarely to 10 mm).

0.2 Covered interval.

1.25 Pumiceous pyroclastic-flow deposit, grayish yellow, nonwelded. Blocky pumice (up to 40 x 20 mm) 
in a coarse-grained matrix. Less than 1 percent lithic clasts include gray glass (<5 mm).

21.75 Pyroclastic-flow deposit, buff, nonwelded to partially welded. Several flow units (~ 1 m thick) in top, 
massive below. Twenty percent pumice clasts that contain 2 percent crystals (<50 mm). Five to 
7 percent lithic clasts at base increasing to 15 20 percent then decreasing to 2 3 percent at top, pink 
and gray banded rhyolite, black poorly vesicular glass, reddish-brown porphyritic devitrified volca 
nics, pink welded tuff, and rare brown to yellow nonwelded tuff (mostly <40 mm).

7.5 Covered interval.
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3.6 Pyroclastic-flow deposit, light gray, nonwelded. Twenty percent pumice clasts (mostly <30 mm).
Twenty-five percent lithic clasts at base to <10 percent at top, include pink and gray banded rhyolite, 
dark-red devitrified volcanics, greenish-gray glass, and rare pink granitic (mostly <25 mm).

0.75-0.8 Unit D - Lithic-rich fallout deposit, several massive to crudely normally graded beds. Seventy per 
cent pumice clasts (mostly <40 mm); 35 percent lithic clasts include pink and gray banded rhyolite, 
dark-red devitrified volcanics, greenish-gray glass, and rare pink granitic (mostly <30 mm, rarely up 
to 80 mm).

0.8-0.95 Unit C - Tuff (genesis unknown), gray, nonwelded. Contains a discontinuous lithic- and pumice-rich 
horizon -30 cm from top. Base is poorly stratified, top is massive. Eighty percent pumice clasts 
(mostly <5 mm). Ten percent lithic clasts include pink and gray banded rhyolite, dark-red devitrified 
volcanics, and rare gray glass (mostly <5 mm),

1.2 Unit B (?) - Pyroclastic-flow deposit, tan to gray, nonwelded. Crude normal grading. Twenty to
25 percent pumice clasts at base to 10-15 percent at top (mostly <20 mm). Three percent lithic clasts 
include pink and gray banded rhyolite, dark-red devitrified volcanics, and rare gray glass.

0.7 Covered interval.

0.4 Unit A - Pumiceous fallout deposit. Sixty to 70 percent pumice clasts (mostly <35 mm, rarely up to 
55 mm). Twenty percent lithic clasts include pink and gray banded rhyolite, dark-red devitrified vol 
canics, and gray glass (mostly <20 mm, rarely up to 55 mm).

Pah Canyon Tuff (Tpp)

0.9 Pyroclastic-flow deposit, orange-pink, nonwelded. Ten percent pumice clasts at base to 20 percent 
at top, light gray (mostly <20 mm, up to 11.5x5 cm). Less than 1 percent lithic clasts include dark- 
gray to dark-red devitrified volcanics (<10 mm).

5.1 Pyroclastic-flow deposit, orange-pink, nonwelded. Seven to 10 percent pumice clasts, mostly light 
gray and rarely yellow with crystal clots (mostly <60 mm, up to 23 x 20 cm). One percent lithic 
clasts include dark-gray devitrified volcanics (<10 mm).

Pyroclastic-flow deposit, orange-pink, nonwelded. Twenty-five to 30 percent pumice clasts, 
yellow, contain clots of crystals (up to 40 x 26 cm). One to 2 percent lithic clasts include red 
devitrified volcanics (<20 mm). Three percent crystals.

Base covered

Measured stratigraphic section on the eastern side Solitario Canyon (section PTn#2)

Location description: North of borehole USW UZ N80 and south of borehole USW H-6 on east side of canyon.

Approximate location of top of section: N758093 E557782 (Nevada state coordinate system), elevation 
4,600 ft.

Strike and dip of bedding: 334 (N26W), 9 (NE) on base of Tpbt4 and 339, 10 on fallout deposit in Tpbt3. 

Line of section: 64, dip in line of section is 9.

Stratigraphic
Thickness
(meters)
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Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor vitric zone (Tpcpv)
Non- to partially welded subzone (Tpcpvl)

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.55 Unit B - Pumiceous fallout deposit, gray grading upward to a red paleosol. Pumice clasts (greater 
than 90 percent) are light gray, vitric, 1 to 2 mm. Laminations visible near base of unit. Top of unit 
is mostly covered.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

1.19 Unit G - Tan, slightly reworked fallout deposit. Textural break 28 cm from top of unit (based on field 
relations approximately 500 m to the north, the material above break may represent reworked lateral 
equivalent of the Yucca Mountain Tuff). Fallout deposit below textural break is moderately sorted. 
Pumice clasts (80-85 percent) are white and light gray to orange-brown, most are 1 to 3 mm, with 
numerous larger clasts (up to 25 mm). Lithic clasts (10-15 percent) are mostly less than 3 mm, 
rarely to 7 mm, dominantly clear to light-gray glass with subordinate brown and gray devitrified 
volcanics. Crystals (1-2 percent?) are hard to distinguish from small glass lithic clasts. Above the 
textural break, the rock is finer grained and there is up to 10 percent brown matrix. Burrows, up to 
8 cm in diameter, are present in the upper part of the unit.

0.10 Unit F - Fallout deposit. Pumice clasts (70-80 percent) are light gray, vitric, 2 to 5 mm. Lithic clasts 
(20-30 percent) include dominant clear glass and subordinate gray to pale-red devitrified volcanics. 
Crystals (1 5 percent) include feldspar and oxidized biotite (feldspar is hard to distinguish from 
small glass lithic clasts).

0.52 Unit D - Fallout deposit. Pumice clasts (greater than 90 percent) are white to very light gray, vitric, 
5 to 15 mm. Lithic clasts (5 7 percent) include dominant devitrified volcanics, pinkish-gray, moder 
ate red, pale-red, and subordinate gray perlitic glass. Crystals (2-3 percent) include feldspar.

0.54 Unit C - Tan, slightly reworked fallout deposit. Pumice clasts (80-90 percent) are subrounded,
white, vitric, mostly 1 to 3 mm with rare clasts to 20 mm. Lithic clasts (2-5 percent) are dominantly 
gray and pale-red devitrified volcanics with subordinate clear glass. Crystals (1 2 percent) include 
feldspar and rare oxidized biotite. Tan matrix (2-5 percent) coating grains. Lower contact is 
irregular.

1.7 Unit B - Orange-brown, reworked, coarse fallout deposit. Pumice clasts (70-80 percent) are white 
to light gray, vitric to slightly altered, 5 to 20 mm, and crystal rich. Orange matrix comprises 15 to 
25 percent in base of unit and increases toward the top. Lithic clasts (3 5 percent) are 2 to 5 mm and 
include light-brown and pale-red devitrified volcanics and rare clear glass. Crystals (2 3 percent) 
include feldspar and oxidized biotite.

0.40 Unit A - Gray, pumiceous, coarse fallout deposit. Pumice clasts (about 90 percent) are white to light 
gray, vitric to slightly altered, 2 to 15 mm. Lithic clasts (2 3 percent) include gray and pale-red 
devitrified volcanics and rare gray perlitic glass, mostly less than 5 mm. Crystals (5 7 percent) 
include feldspar, oxidized biotite, and rare clinopyroxene (?).
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Topopah Spring Tuff (Tpt) and Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

Crystal-rich vitric zone (Tptrv) and bedded tuff(Tpbt2)
Non- to partially welded subzone (Tptrv3) and bedded tuff(Tpbt2) undifferentiated

8.4 Mostly covered. Non-to partially welded fallout deposit. Pumice clasts are vitric to altered. Change 
from gray to brown pumice clasts 1.2 m above the base of the unit.

Moderately welded subzone (Tptrv2)

1.6 Moderately welded fallout deposit. Pumice clasts (about 90 percent) are gray, 10 to 20 mm, altered 
to vitric.

Densely welded subzone (Tptrv 1) 

Base of section

Measured stratigraphic section on the eastern side of Solitario Canyon (section PTn#3)

Location description: West and south of borehole USW UZ-6s on the east side of Solitario Canyon.

Approximate location of top of section: 759,530N 557,450E (Nevada state coordinate system), elevation 
4,620 ft.

Strike and dip of bedding: 7° (N7E), 9°SE on base of TpbtS unit D; 15° (N15E), 3°SE on base of Tpbt4; 10° 
(N10E), 8°SE on bedding break within TpbtS unit D.

Line of section: Top of Tptrvl to ash layer 2 (within Tpbt2): 135° (S45E), dip in line of section is 5°. Section 
is offset approximately 20 m southward along ash layer 2. Top of ash layer 2 (Tpbt2) to top of Tpbt4: 100° 
(S80E), dip in line of section is 8°. Section is offset approximately 10 m northward along the base of the 
Tiva Canyon Tuff. Top of Tpbt4 to base of TpcpvS: 100° (S80E), dip in line of section is 8°.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor vitric zone (Tpcpv) 
Densely welded subzone (Tpcpv3)

Moderately welded subzone (Tpcpv2)

1.6 Pyroclastic-flow deposit. Yellow to tan, with abundant, deformed glass shards. Pumice clasts (7 to 
10 percent) are deformed, light gray to pinkish gray, and mostly from 2 to 10 mm (rare to 20 mm). 
Phenocrysts (1 to 2 percent) of feldspar. Lithic clasts (2 percent) of red, gray, and brown devitrified 
volcanic rock. Flow boundary marked by a 5-cm-thick layer with abundant crystals and glass shards 
and well-developed laminations occurs 1.2 m below upper contact.

0.8 Covered interval.

Non- to partially welded subzone (Tpcpv 1)

3.6 Pyroclastic-flow deposit. Yellow to tan, with abundant, non- to slightly deformed glass shards. 
Pumice clasts (7 to 10 percent) are nondeformed, light gray (vitric) to pinkish gray (altered), and 
mostly from 2 to 10 mm (rare to 20 mm). Phenocrysts (1 to 2 percent) of feldspar. Lithic clasts 
(2 percent) of red, gray, and brown devitrified volcanic rock. Base of unit marked by a 5-cm-thick 
pumiceous ground layer.
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Pre-Tiva Canyon Tuff bedded tuffs (Tpbt4)

0.9 Unit B - Pumiceous fallout deposit. Massive, clast-supported deposit of white, vitric pumice clasts 
that are typically 1-3 mm in size. Basal few centimeters of deposit are laminated. Grades upward 
into a red paleosol. Upper contact is sharp; lower contact locally is disturbed by burrowing.

Yucca Mountain Tuff (Tpy)

0.8 Nonwelded pyroclastic-flow deposit. Yellow to tan, massive, poorly sorted deposit with abundant 
amber to colorless bubble-textured glass shards, lithic clasts (1 to 2 percent) of devitrified volcanic 
rock smaller than 2 mm, sparse pumice clasts, and phenocrysts (less than 1 percent) of feldspar. 
Upper 10 cm are reworked, tan to brown, with approximately 5 percent lithic clasts to 15-mm 
diameter. Basal 5 cm is a prominent ground layer composed of centimeters-sized clasts of pumice 
(60 percent) and lithics (40 percent). The tuff thins rapidly to the south.

Pre-Yucca Mountain Tuff bedded tuffs (Tpbt3)

0.6 Unit G - Reworked (?) pumiceous deposit. Tan, poorly sorted, clast-supported deposit that is com 
posed of 40 to 50 percent, gray to tan pumice clasts (1 to 30 mm in size); 40 to 50 percent lithic clasts 
(1 to 10 mm), predominantly gray glass with subordinate gray to red devitrified volcanic rock; 2 to 
3 percent crystals of feldspar; and less than 10 percent matrix. Upper contact is sharp.

0.3 Unit F - Slightly reworked fallout deposit. Tan, moderately sorted, laminated deposit of gray, vitric 
pumice (50 to 60 percent), typically 1 to 15 mm in size; lithic clasts (40 to 50 percent), mostly gray, 
glassy volcanic rock with subordinate devitrified volcanic rock; and 1 to 2 percent crystals of feld 
spar (?). Upper contact is diffuse; lower contact is sharp.

0.4 Unit D - Coarse, pumiceous fallout deposit. A clast-supported deposit of white to light-gray, vitric 
pumice (60 to 70 percent), typically from 3 to 15 mm in size; lithic clasts (25 to 35 percent) predom 
inantly of gray, brown, and red devitrified volcanic rock with subordinate gray glass; and crystals 
(2 to 5 percent) of feldspar and rare oxidixed biotite. Lower contact is sharp.

0.5 Unit C - Reworked deposit. Massive, brown, poorly sorted deposit containing abundant (70 to
80 percent) pumice clasts of 1 to 3 mm size, lithic clasts (10 to 15 percent) of gray to red devitrified 
volcanic rock and minor gray, glassy lava, and 3 to 5 percent crystals of feldspar. Matrix comprises 
10 percent. Lower contact is diffuse.

0.8 Unit B - Reworked fallout deposit. Massive, poorly sorted, reddish-brown deposit containing 40 to 
50 percent gray pumice clasts (to 40 mm), 5 to 10 percent crystals of feldspar, biotite, and horn 
blende, and 40 to 50 percent matrix. Lower contact is sharp.

0.3 Unit A - Coarse, pumiceous fallout deposit. A clast-supported deposit composed of approximately 
90 percent white, vitric pumice clasts of 5 to 25 mm in size; 2 to 3 percent lithic clasts of gray devit 
rified volcanic rock and colorless glass, typically 2 to 4 mm in size; and 5 to 7 percent crystals of 
feldspar and oxidized biotite. The lower contact is irregular and disturbed by burrowing.

Pre-Pah Canyon Tuff bedded Tuffs (Tpbt2)

0.9 Unit D - Reworked (?) deposit. Massive, poorly sorted, light-brown deposit that contains pink
and light-gray pumice clasts (30 to 40 percent) that are from 3 to 15 mm in size; lithic clasts (5 to 
7 percent) that include gray to red devitrified volcanic rocks and light-gray to black, glassy volcanic 
rocks; and crystals (7 to 10 percent) of feldspar and biotite, with rare pyroxene. The matrix is vitric 
to slightly altered with a granular texture.

0.6 Covered interval.

2.6 Unit C - Coarse, pumiceous fallout deposit. Massive to crudely layered (in the upper half), moder 
ately sorted, clast-supported, very pale-orange to light-gray deposit that contains light-gray, vitric 
pumice clasts (80 percent) that are from 15 to 30 mm in size; lithic clasts (10 percent) of gray to pink
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and dark grayish-red devitrified volcanic rock and black to brown, glassy volcanic rock that are from 
10 to 20 mm in size; and crystals (7 to 10 percent) of feldspar, biotite, and minor pyroxene. The 
lower contact is not stratiform and varies by a few meters over a horizontal distance of a few tens of 
meters.

3.2 Unit B - Altered, pumiceous fallout deposit. Massive, moderately sorted, clast-supported (appears 
matrix supported on first glance), moderate orange-brown deposit that contains moderate brown, 
altered pumice clasts (70 percent) and light-gray, vitric pumice clasts (10 percent) that are from 15 
to 30 mm in size; lithic clasts (10 percent) of gray to pink and dark grayish-red devitrified volcanic 
rock and black to brown, glassy volcanic rock that are from 10 to 20 mm in size; and crystals (10 
to 12 percent) of feldspar, biotite, and minor pyroxene. Ash layer 2, which occurs 1.4 m below the 
upper contact, consists of 2 cm of pale orange-pink ash overlain by a lithic-rich horizon of brown, 
glassy volcanic fragments. This marker horizon is overlain by 10 cm of a light-gray pumice-fall 
deposit that contains crystals of feldspar, biotite, and pyroxene; and lithic clasts of devitrified and 
glassy volcanic rock. Ash layer 1 marks the base of the section.

Topopah Spring Tuff (Tpt)

Crvstal-rich vitric zone (Tptrv)
Non- to partially welded subzone (Tptrv3)

1.0 Unit B - Altered, pumiceous fallout deposit. Massive, moderately sorted, clast-supported (appears 
matrix supported on a first glance), moderate orange-brown deposit that contains nondeformed, 
moderate brown, altered pumice clasts (70 percent) and light-gray, vitric pumice clasts (10 percent) 
that are from 15 to 30 mm in size; lithic clasts (5 to 15 percent) are mostly of gray to pink and dark 
grayish-red devitrified volcanic rock with rare clasts of black, glassy volcanic rock that are from 10 
to 20 mm in size; and crystals (8 to 10 percent) of feldspar, biotite, and minor pyroxene. Ash layer 1 
is a 2-cm-thick horizon of lithic-rich fallout that contains fragments of devitrified volcanic rock and 
rare glass. Lower contact is gradational over a few tens of centimeters and occurs where gray pum 
ice clasts increase downward to more than 10 percent.

1.1 Unit A - Pumiceous fallout deposit. Massive to crudely stratified, moderately well-sorted, clast- 
supported deposit that contains moderate brown and medium to light-gray, nondeformed pumice 
clasts (smaller than 15 mm); lithic clasts (15 percent) of pink to gray devitrified volcanic rock that 
are less than 5 mm in size; and crystals of feldspar, biotite, and rare pyroxene (5 to 7 percent) that 
decrease downward to 3 to 5 percent (feldspar and biotite). Lower contact is marked by the onset 
of pumice-clast deformation.

Moderately welded subzone (Tptrv2)

1.0 Pumiceous fallout deposit. Massive to crudely stratified, moderately well-sorted, clast-supported 
deposit that contains variably deformed, moderate brown and medium to light-gray pumice clasts 
(smaller than 15 mm); lithic clasts (15 percent) of pink to gray devitrified volcanic rock that are less 
than 5 mm in size; and crystals of feldspar and rare biotite (2 to 4 percent). Porosity decreases mark 
edly downward. Lower contact is abrupt.

Densely welded subzone (Tptrvl)

Vitrophyre. Brown, densely welded, glassy tuff with black to gray fiamme that grades downward to 
dense, reddish-brown glass.

Base of Section
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Measured stratigraphic section on the eastern side Solitario Canyon (section PTn#4)

Location description: East side of Solitario Canyon, just north of large northeast-trending fault. Section was 
measured in gully with excellent exposures.

Approximate location of top of section: N764900 E558150 (Nevada state coordinate system), elevation 
4,500 ft.

Strike and dip of bedding: 0, 6 (E) on fallout deposit in Tpbt3.

Line of section: From top of Topopah Spring Tuff vitrophyre to base of exposures of Pah Canyon Tuff is 135, dip 
in line of section is 3; from base of exposures of the Pah Canyon Tuff to top of section is 95, dip in line of sec 
tion is 6.

Note: Outcrops were wet, and colors listed here are typically darker than those for dry outcrop.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln) 
Columnar subzone (Tpcplnc)

Crystal-poor vitric zone (Tpcpv) 
Densely welded subzone (Tpcpv3)

2.1 Densely welded pyroclastic-flow deposit, orange-pink. Matrix contains brown to black, strongly 
deformed shards defining a well-developed foliation. Matrix porosity is absent. Five to 10 percent 
black fiamme. Lithic clasts and crystals as below. Degree of devitrification increases upward. 
Upper contact is defined by complete devitrification of shards. Lower contact is poorly exposed.

2.4 Covered interval.

Moderately welded subzone (Tpcpv2)

2.0 Moderately welded pyroclastic-flow deposit, dark grayish yellow to orange-pink at top. Matrix con 
tains black, vitric shards that are slightly to strongly deformed upward. Remnant porosity decreases 
upward. Pumice clasts (15-25 percent) are slightly to strongly deformed upward, pink grading 
upward to mixture of pink and black fiamme. Lithic clasts (1 2 percent) include pale-red to grayish- 
red devitrified volcanic rock, up to 10 mm. Crystals as below. Lower contact is poorly exposed.

Non- to partially welded subzone (Tpcpvl)

2.0 Basal 20 cm: Reverse-graded pumiceous deposit. Pumice clasts (30-^40 percent) are pinkish gray, 
vitric, 5 to 15 mm grading upward to 10 to 30 mm (up to 50 mm). One percent lithic clasts and 1 to 
2 percent crystals in a gray, vitric matrix.

Upper 1.8 m: Non- to partially welded pyroclastic-flow deposit. Matrix contains black, vitric, non- 
to slightly deformed shards. Pumice clasts (10-20 percent) are pinkish gray, vitric, 1 to 25 mm, non- 
to slightly deformed. Lithic clasts (1 2 percent) include pale-red devitrified volcanic rock and very 
dark-gray glass, less than 5 mm. Crystals (1-2 percent) include feldspar.
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Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

1.5 Unit B - Well-sorted, pumiceous fallout deposit; structureless, light gray to pinkish gray grading 
upward to orange-red. Middle of unit is poorly exposed. Pumice clasts (80-90 percent) are white 
to very light gray to pink, vitric, 2 to 5 mm. Lithic clasts (2 percent) include gray glass and pinkish- 
gray to brown devitrified volcanic rock, 1 to 2 mm. Crystals (2 4 percent) include feldspar, rare 
biotite, and rare hornblende (?). Lower contact is irregular and undulates by 10 to 20 cm.

Yucca Mountain Tuff (Tpy)

5.3 Nonwelded pyroclastic-flow deposit, medium gray grading upward to pale red (color change occurs 
3 to 4 m from base of unit). Unit is massive and structureless. Abundant, vitric, bubble-wall shards 
in matrix, non-deformed throughout unit. Pumice clasts (3 7 percent) are moderate orange-pink 
and devitrified (?) to medium gray and vitric, typically less than 15 mm. Lithic clasts (1-2 percent) 
include dark reddish-gray devitrified volcanic rock, less than 2 mm, rarely to 10 mm. Crystals 
(1 percent) include feldspar. Base of unit is marked by 1- to 2-cm-thick, lithic-rich ground layer; 
40 percent lithic clasts, pale red, 5 to 30 mm; 40 percent pumice clasts; 10 percent crystals. The 
ground layer is overlain by 1- to 2-cm-thick laminated ash layer. Top of unit is medium red below 
upper contact.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.6 Unit G - Poorly sorted, slightly reworked (?) fallout deposit. Pinkish brown to reddish orange-brown 
at top of unit. Pumice clasts (60-70 percent) are white with orange rims, vitric, less than 1 to 30 mm. 
Lithic clasts (30 percent) are dominantly gray glass with subordinate pinkish-gray and gray devitri 
fied volcanic rock and rare obsidian, 2 to 5 mm, with some clasts to 25 mm. Crystals (less than 
2 percent) include feldspar (hard to distinguish from small glass lithic clasts). A poorly developed 
paleosol marks the top of the unit; upper contact is planar.

0.3 Unit F - Moderately to poorly sorted fallout deposit. Pumice clasts (40-50 percent) are white, vitric, 
5 to 10 mm, rarely to 25 mm. Lithic clasts (40 percent) include dominant gray glass and subordinate 
devitrified volcanic rock, less than 5 to 10 mm. Crystals (1-5 percent?) include feldspar (hard to dis 
tinguish from small glass lithic clasts). Faint bedding. Upper contact is sharp to indistinct.

0.0 Unit E - Ash-rich, light grayish-yellow, fine-grained fallout deposit. Pumice clasts (10 percent) are 
white, vitric. Lithic clasts (60 percent) include dominant gray glass and subordinate devitrified vol 
canic rock, 1 to 3 mm. Crystals (less than 2 percent) include feldspar.

0.7 Unit D - Well-sorted, normally graded (?), coarse fallout deposit. Beds 3 to 15 cm thick. Pumice
clasts (60-70 percent) are white, vitric, 10 to 30 mm. Lithic clasts (25 30 percent) include dominant 
devitrified volcanic rock, light-gray, grayish-red, moderate red, with rusty alteration, and subordinate 
gray perlitic glass and reddish-brown glass, 2 to 10 mm. Crystals (2 3 percent) include feldspar. In 
the upper 10 cm of the unit, grain size is 1 to 8 mm, and there is no rusty alteration of lithic clasts.

0.6 Unit C - Tan, well-sorted, slightly reworked (?), clast-supported fallout deposit. Pumice clasts
(80-90 percent) are white, vitric, 1 to 3 mm. Lithic clasts (2 5 percent) are dominantly brown and 
reddish-gray devitrified volcanic rock with subordinate gray glass. Crystals (2 3 percent) include 
feldspar and rare biotite. Upper contact is sharp and planar. There is a small north-trending fault, 
with approximately 20 cm of offset, that cuts this unit.

0.2 Unit B - Reddish-brown, poorly sorted, reworked (?), coarse fallout deposit. Pumice clasts
(40-50 percent) are white with orange-brown rims, vitric, 1 to 10 mm. Lithic clasts (10-20 percent) 
are less than 2 mm and include dominant devitrified volcanic rock and rare gray glass. Crystals 
(2-5 percent) include feldspar. Upper contact is gradational over 5 cm.

1.2 Covered interval.
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Pah Canyon Tuff (Tpp)

2.0 As below, except pumice clasts are primarily light gray and vitric, and lithic-clast content drops to 1 
to 2 percent.

3.5 Coarse, pumiceous pyroclastic-flow deposit. Reddish-brown matrix. Pumice clasts (30-40 percent) 
are dominantly yellow and vitric with crystals of feldspar and oxidized biotite, and subordinate 
gray and vitric, 10 to 30 mm, with blocks to 15 cm. Lithic clasts (3 7 percent) include reddish-gray 
devitrified volcanic rock and minor black to reddish-brown glass, 5 to 30 mm. Crystals (5 7 percent) 
include feldspar and oxidized biotite. Lowest meter is finer grained than above. Upper contact is 
poorly exposed, abrupt, and irregular (depositional).

2.2 Coarse, pumiceous pyroclastic-flow deposit. Grayish-brown matrix. Pumice clasts (40-50 percent) 
are light to medium gray and vitric, 20 to 50 mm, with blocks to 20 cm. Lithic clasts (1-3 percent) 
include black glass and dark reddish-gray devitrified volcanic rock, 5 to 10 mm. Crystals 
(5 10 percent) include feldspar, oxidized biotite, and rare pyroxene.

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

6.2 Covered interval.

1.8 Pumiceous, poorly sorted fallout deposit. Pumice clasts (60-80 percent) are light gray and vitric or 
yellowish brown and altered, 10 to 30 mm. Lithic clasts (7-10 percent) are reddish-gray and brown 
devitrified lava and black to brown glass, 5 to 15 mm. Crystals (5 10 percent) include feldspar, 
oxidized biotite, and rare pyroxene. Unit is poorly exposed.

3.7 Covered interval.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv) 
Densely welded subzone (Tptrv 1)

Base of section

Measured stratigraphic section on the eastern side Solitario Canyon (section PTn#5)

Location description: Section PTn#5 is located on the east side of Solitario Canyon, several hundred meters 
south of measured section PTn#4. The section is in the same location as hydrologic properties traverse 
SB 22 (Flint and others, 1996). To document rapid lateral thickness variations of the units, additional 
thickness measurements were made in a gully approximately 30 m to the south of PTn#5 and are listed 
here as section PTn#5A.

Approximate location of base of section PTn#5: N763100 E557900 (Nevada state coordinate system), eleva 
tion 4,500 ft. Approximate location of base of section PTn#5A: N763000 E557900 (Nevada state coordinate 
system), elevation 4,500 ft.

Strike and dip of bedding: Average of 328, 8 (E) on top of Tpy, base of Tpy, and base of Tpp.

Line of section: For PTn#5, line is 110, dip in line of section is approximately 3.5. For PTn#5A, line is 55, 
dip in line of section is approximately 6.

Note: Outcrops were wet, and colors listed here are typically darker than those for dry outcrop.

Stratigraphic
Thickness
(meters)
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Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln) 
Columnar subzone (Tpcplnc)

Moderately to densely welded, devitrified pyroclastic-flow deposit.

Crystal-poor vitric zone (Tpcpv) 
Moderately welded subzone (Tpcpv2)

4.0 Moderately welded pyroclastic-flow deposit. Unit as below except for increased welding and the 
presence of black fiamme near top of unit. Porosity very low in upper part of unit.

Non- to partially welded subzone (Tpcpvl)

2.6 Non- to partially welded pyroclastic-flow deposit. Matrix contains yellowish-brown to black, vitric, 
non- to slightly deformed bubble-wall shards. Pumice clasts (15 20 percent) are yellowish gray 
to pinkish gray, vitric, 3 to 30 mm, non- to slightly deformed. Lithic clasts (5 7 percent) include 
reddish-gray devitrified volcanic rock, medium gray glass, and porphyritic obsidian, less than 5 mm. 
Lower contact is not exposed.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.9 Covered interval.

0.4 Unit B - Well-sorted, pumiceous fallout deposit; structureless, light gray to pale red. Pumice clasts 
(90 percent) are vitric, 1 to 2 mm. Lithic clasts (7 10 percent) include gray glass and grayish-red 
devitrified volcanic rock. Crystals (less than 2 percent) include feldspar.

Yucca Mountain 'Riff (Tpy)

6.4 Lowest 5 cm: Lithic-rich ground layer containing: 30 to 40 percent pumice clasts, light gray to
white, vitric, 2 to 20 mm; 30 to 40 percent lithic clasts, pale-red to grayish-red devitrified volcanic 
rock, less than 10 mm, up to 45 mm; less than 2 percent crystals including feldspar; and light-gray 
ash.

Above basal 5 cm: Nonwelded, light-gray, pyroclastic-flow deposit. Unit is massive and structure 
less. Abundant, vitric, clear bubble-wall shards in matrix. Pumice clasts (2 percent) are light gray 
to pinkish gray, vitric, 1 to 5 mm, rarely to 30 mm. Lithic clasts (1 percent) include pale-red and 
dark reddish-brown devitrified volcanic rock and medium gray glass, less than 3 mm. Crystals (less 
than 1 percent) include feldspar. Approximately 2 m above the base of the unit, the color grades to 
yellowish brown, pumice-clast content increases to 3 to 5 percent (up to 25-mm diameter), and 
shards in matrix are brownish yellow and very slightly deformed (?). Approximately 5.5 m above 
the base of the unit, the color grades to pinkish brown, pumice-clast content increases to 5 percent, 
and shards in the matrix are nondeformed. Top of unit is medium red below upper contact. Lower 
contact is sharp.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.2 Unit G - Clast-supported, slightly reworked (?) fallout deposit. Pumice clasts (70-80 percent) are 
light gray to light tan, slightly rounded (?), vitric, typically 1 to 4 mm. Lithic clasts (10-15 percent) 
are dominantly clear to gray glass with subordinate pale-red devitrified volcanic rock, 1 to 3 mm. 
Crystals (2 3 percent?) include feldspar (hard to distinguish from small glass lithic clasts). Unit con 
tains lowest plug holes from hydrologic properties traverse SB 22.

6.9 Covered interval.
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0.6 Unit A - Moderately sorted, gray, clast-supported, coarse fallout deposit. Pumice clasts
(70-80 percent) are white to light gray, vitric. Lithic clasts (10-15 percent) include medium 
gray and brown devitrified volcanic rock and rare gray glass. Crystals (2-5 percent?) include 
feldspar and oxidized biotite.

Pah Canyon Tuff (Tpp)

2.1 Lenses and horizons with variable grain sizes suggest this is not a primary pyroclastic-flow deposit. 
Some horizons or lenses contain clast-supported material with pumice blocks of 20 to 160 mm, and 
other horizons or lenses contain matrix-supported material with 20 to 40 percent pumice clasts. 
Pumice clasts are light gray and vitric. Pinkish-brown matrix. Lithic clasts (less than 2 percent) 
include pale-red devitrified volcanic rock, 1 to 2 mm. Crystals (5-7 percent) include feldspar and 
biotite. Lower contact is very irregular.

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

0.5 Unit D - Bottom 35 cm of unit is laminated coarse sand with faint cross laminations (?). Top 20 cm 
of unit is very coarse, pebbly, sand with faint crossbedding. Pebble types are the same as lithic types 
in unit C, with the addition of moderate brown porphyritic glass.

0.7 Covered interval.

0.4 Unit C - Poorly sorted, clast-supported, pumiceous fallout deposit, very pale orange. Pumice
clasts (80 percent) are light gray, 5 to 20 mm, rarely to 30 mm. Lithic clasts (5-10 percent) include 
dark grayish-red devitrified volcanic rock, very dark-gray porphyritic glass, pale orange-pink tuff, 
brownish-yellow vitric tuff, less than 10 mm, rarely to 40 mm. Crystals (5-7 percent?) include feld 
spar, oxidized biotite, rare pyroxene, and magnetite.

0.9 Unit B - Nonwelded, altered, poorly sorted fallout deposit, yellow orange-brown. Matrix is red- 
brown and altered. Pumice clasts (10-15 percent) are light gray, 10 to 20 mm. Lithic clasts 
(10 percent) include reddish-gray to reddish-brown devitrified volcanic rock and pale orange-pink 
tuff with lithics and crystals of feldspar, 1 to 10 mm, rarely to 30 mm. Crystals (7-10 percent) 
include feldspar, oxidized biotite, and rare pyroxene.

1.0 Covered interval.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv} 
Densely welded subzone (Tptrv 1)

Red-brown glass with black fiamme. Crystals (10-12 percent) include feldspar, biotite, and horn 
blende (?).

Base of section

Section PTN#5A - Unit thicknesses approximately 30 m south of section PTn#5

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln} 
Columnar subzone (Tpcplnc)
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Crystal-poor vitric zone (Tpcpv) 
4.2 Moderately welded subzone (Tpcpv2)

2.3 Non- to partially welded subzone (Tpcpvl)

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)
1.7 Covered interval.

0.7 Unit B

4.7 Yucca Mountain Tuff (Tpy)

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)
0.1 UnitG

1.1 Covered interval.

0.3 Unit D

1.9 Covered interval.

3.2 Pah Canyon Tuff (Tpp)

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)
0.05 Unit D

0.95 Covered interval.

6.1 Unit C - Lower 2-cm-thick ash layer located at the basal contact of this unit.

1.9 UnitB

0.3 Covered interval.

1.2 Unit A

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv) 
Densely welded subzone (Tptrv 1)

Base of section

Measured stratigraphic section on the eastern side Solitario Canyon (section PTn#6)

Location description: East side of Solitario Canyon, section was measured in gully with excellent exposures. 
The section is in the same location as hydrologic properties traverse SB 16 (Rautman and others, 1995).

Approximate location of middle of section: N761950 E557900 (Nevada state coordinate system), elevation 
4,540 ft.

Strike and dip of bedding: 340, 8 (E) on fallout deposit in Tpbt3. 

Line of section: 94, dip in line of section is 5.5.
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Note: Some outcrops were wet, and colors listed here may be darker than those for dry outcrop.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon T^iff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln) 
Columnar subzone (Tpcplnc)

Crystal-poor vitric zone (Tpcpv) 
Moderately welded subzone (Tpcpv2)

3.7 Moderately welded pyroclastic-flow deposit, yellowish brown, welding increases upward and upper 
50 cm is fairly dense. Matrix contains brown shards and pumice clasts slightly to strongly deformed 
upward. Pumice clasts (10-30 percent) are pink grading upward to mixture of pink and black 
fiamme, 5 to 25 mm. Lithic clasts and crystals as below.

Non- to partially welded subzone (Tpcpv 1)

3.0 Non- to partially welded pyroclastic-flow deposit. Yellowish-brown matrix contains black to 
yellowish-brown, vitric shards. Pumice clasts (20-30 percent) are pink and altered, and light 
gray to brown and vitric, 5 to 30 mm, locally to 50 mm, non- to slightly deformed. Lithic clasts 
(3-5 percent) include gray to red devitrified volcanic rock and very dark-gray glass, 1 to 10 mm. 
Crystals (1-2 percent) include feldspar and very rare biotite.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.7 Unit B - Poorly exposed, pumiceous fallout deposit, top is red paleosol. Upper contact is very poorly 
exposed.

Yucca Mountain T^iff (Tpy)

1.0 Nonwelded pyroclastic-flow deposit, brownish yellow. Unit is massive and structureless. Abundant, 
yellow-brown to black, vitric, bubble-wall shards in matrix. Pumice clasts (less than 5 percent) are 
grayish pink. Lithic clasts (2-3 percent) include dark reddish-gray devitrified volcanic rock and 
dark-gray glass, less than 1 to 4 mm. Crystals (less than 1 percent) include feldspar. Unit is poorly 
exposed. Top 10 to 20 cm of unit appears to be disturbed and reworked, and upper contact is very 
poorly exposed.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.35 Unit G - Poorly sorted, pinkish-gray to brown, slightly reworked (?) fallout deposit. Pumice clasts 
(50-60 percent) are light gray with brown rims, vitric, 1 to 5 mm, rarely to 20 mm. Lithic clasts 
(30-40 percent) are dominantly clear to gray glass with subordinate devitrified volcanic rock, 1 to 
3 mm with some clasts to 8 mm. Crystals (2-5 percent?) include feldspar (hard to distinguish from 
small glass lithic clasts). Upper contact is planar.

0.25 Unit F - Poorly sorted fallout deposit. Pumice clasts (60-70 percent) are light gray to pale yellow, 
vitric, 1 to 5 mm, rarely to 12 mm. Lithic clasts (30-35 percent) include dominant gray glass and 
subordinate devitrified volcanic rock, 1 to 3 mm. Crystals (2-5 percent?) include feldspar (hard to 
distinguish from small glass lithic clasts). Faint bedding with some thin, fine ash beds. Upper con 
tact is sharp to indistinct. Thickness varies laterally.
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0.6 Unit D - Bedded, moderately sorted, coarse fallout deposit. Pumice clasts (70-80 percent) are light 
gray, vitric, 3 to 15 mm, rarely to 30 mm. Lithic clasts (25-30 percent) include dominant gray, 
brown, and red devitrified volcanic rock with rusty alteration, and subordinate gray perlitic glass, 2 to 
10 mm, rarely to 20 mm. Crystals (1 2 percent) include feldspar and very rare biotite. Unit contains 
lowest plug holes from hydrologic properties traverse SB 16.

0.6 Unit C - Light-brown, moderately sorted, slightly reworked (?) fallout deposit. Pumice clasts 
(70-80 percent) are white, vitric, 1 to 3 mm, rarely to 10 mm. Lithic clasts (10-20 percent) are 
dominantly gray glass with subordinate brown and reddish-gray devitrified volcanic rock, rare very 
dark-gray glass. Crystals (5-7 percent) include feldspar and rare biotite. Upper contact is sharp and 
planar.

0.9 Unit B - Reddish-brown, poorly sorted, reworked (?), coarse fallout deposit. Pumice clasts
(30-40 percent grading upward to 15-20 percent) are light gray to pinkish gray with orange rims, 
vitric, 1 to 10 mm. Lithic clasts (10-20 percent) are less than 2 mm and include dominant gray to 
brown devitrified volcanic rock and rare gray glass. Crystals (2 5 percent) include feldspar and 
biotite. Upper contact is gradational over 5 cm.

0.5 Unit A - Clast-supported, light-gray, pumiceous fallout deposit. Pumice clasts (80-90 percent) are 
white to light gray, vitric, 3 to 15 mm. Lithic clasts (5 7 percent) include brown to gray devitrified 
volcanic rock and rare gray glass, 2 to 10 mm. Crystals (3-5 percent) include feldspar and oxidized 
biotite. The upper contact is gradational over 10 to 15 cm.

Pah Canyon Tuff (Tpp)

0.8 Pyroclastic-flow deposit, pumice-clast supported at base of unit to matrix supported at top of unit. 
Pink, vitric matrix. Pumice clasts are light gray and vitric, with 40- to 120-mm blocks at base of unit. 
Lithic clasts (2 3 percent) types as below, 1 to 6 mm. Crystals as below. Upper contact is sharp.

1.7 Pyroclastic-flow deposit. Grayish-pink, vitric to slightly altered matrix. Pumice clasts
(20 30 percent) are light gray and vitric, 3 to 15 mm grading upward to 5 to 60 cm. Lithic clasts 
(1 2 percent) include brown, pinkish-gray, and grayish-red devitrified volcanic rock, 1 to 5 mm. 
Crystals (4-6 percent) include feldspar, biotite, and rare pyroxene. Upper contact is marked by an 
abrupt change in size of pumice clasts.

0.3 Covered interval.

1.2 Coarse, pumiceous, pyroclastic-flow deposit. Light pinkish-gray, vitric matrix. Pumice clasts 
(50 percent grading upward to 60 70 percent) are light gray, vitric, 10 to 40 mm with blocks to 
120 mm. Lithic clasts (less than 1 percent) include gray and reddish-gray devitrified volcanic rock, 
less than 5 mm. Crystals (5 7 percent) include feldspar and biotite.

0.5 Lenticular deposit of coarse, light-gray, vitric pumice blocks, 30 to 150 mm, locally larger. Deposit 
is nonwelded, mostly clast supported. Pumice clasts have 3 to 5 percent crystals of feldspar and 
biotite. Unit has less than 1 percent lithic clasts. Upper contact is marked by an abrupt size change.

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

0.3 Unit D - Reddish-brown, matrix-supported deposit. Pumice clasts (15 20 percent) are light gray, vit 
ric, 3 to 20 mm. Lithic clasts (3 5 percent) include pinkish-gray devitrified volcanic rock and very 
dark-gray porphyritic glass, 1 to 15 mm. Crystals (10 12 percent) include feldspar, oxidized biotite, 
and pyroxene. Upper contact is sharp and undulatory.

0.9 Covered interval.
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0.4 Unit C - Poorly sorted, partially altered, pumiceous fallout deposit. Vitric pumice clasts
(20-25 percent) are light gray, 5 to 15 mm, rarely to 25 mm. Altered pumice clasts (50 percent) 
are orange-brown, 10 to 25 mm. Lithic clasts (3 5 percent) include reddish-gray devitrified 
volcanic rock and very dark-gray porphyritic glass, 3 to 15 mm. Crystals (2 3 percent) include 
feldspar and oxidized biotite.

2.9 Covered interval.

0.2 Unit B - Nonwelded, altered, poorly sorted fallout deposit. Vitric pumice clasts (15 25 percent) 
are light gray, 5 to 15 mm. Altered pumice clasts (60-70 percent) are yellowish brown, 10 to 
20 mm. Lithic clasts (2-3 percent) include dark grayish-red devitrified volcanic rock, less than 
3 mm. Crystals (10 percent) include feldspar, oxidized biotite, and rare pyroxene.

2.8 Covered interval.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv) 
Moderately welded subzone (Tptrv2)

1.8 Moderately welded, clast-supported fallout deposit. Silicified zone from approximately 30 cm above 
base of unit to 20 cm below top of unit. Pumice clasts (70-80 percent) are flattened, vitric to devitri 
fied with some vapor-phase mineralization, typically 10 to 15 mm. Lithic clasts (3 5 percent) 
include pale-red and medium gray devitrified volcanic rock to 10 mm. Crystals (10-15 percent) 
include feldspar, biotite, and rare pyroxene. Vapor-phase alteration is more pronounced, and biotite 
is oxidized, above and below the silicified horizon.

0.5 Covered interval.

0.4 Light-gray pyroclastic-flow deposit, devitrified and altered. Pumice clasts (20-25 percent) are 
dark reddish gray, devitrified with coarse vapor-phase mineralization, to 35 mm. Lithic clasts 
(3 5 percent) include reddish-gray devitrified volcanic rock, 1 to 10 mm. Crystals (3 5 percent) 
include feldspar, biotite, magnetite (?).

0.3 Covered interval.

Densely welded subzone (Tptrv 1)

Reddish-brown vitrophyre with black fiamme. Crystals (10-12 percent) include feldspar, oxidized 
biotite, and pyroxene.

Base of section

Measured stratigraphic section on the eastern side of Solitario Canyon (section PTn#8)

Location description: East side of Solitario Canyon, the section was measured in a gully with good exposures. 
Section PTn#8 is in the same location as hydrologic properties traverse SBC 1 (Rautman and others, 1995). 
To document rapid lateral thickness variations of the units, additional thickness measurements were made in a 
gully approximately 30 m to the north of PTn#8 and are listed here as section PTn#8A. PTn#8A is in the same 
location as hydrologic properties traverse SB 2 (Rautman and others, 1995).

Approximate location of section PTn#8: N760300 E557900 (Nevada state coordinate system), elevation 
4,500 ft. Approximate location of section PTn#8A: N760400 E557900 (Nevada state coordinate system), 
elevation 4,500 ft.

Strike and dip of bedding: 8°, 5° E in Tpbt3 unit D for PTn#8 and 35°, 6° E for PTn#8A at base of Tpy.

Line of section: For PTn#8, the line of section is 100°; dip in line of section is approximately 5°. The section is 
offset approximately 15 m to the south along Tpp-Tpbt2 contact. For PTn#8A, the line of section is 85°; dip in 
the line of section is approximately 3°.
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Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor vitric zone (Tpcpv) 
Censely welded subzone (Tpcpv3)

Moderately welded subzone (Tpcpv2)

3.1 Moderately welded pyroclastic-flow deposit. Unit is mostly covered. Orange-pink to tan matrix 
contains glass shards. Shards are amber to black and darken upwards. Pumice clasts, lithic clasts, 
and phenocrysts are similar to those described for subzone pvl. Black fiamme and strongly 
deformed shards in the uppermost 0.5 m of the unit indicate that the unit may be densely welded near 
the upper contact.

Non- to partially welded subzone (Tpcpv 1)

3.3 Tan, non- to partially welded pyroclastic-flow deposit with possible flow break approximately 1 m 
below the top of the unit. Pumice clasts (20 to 25 percent) are altered, rarely vitric, mostly gray to 
grayish pink, and 5 to 20 mm. Pumice clasts are slightly smaller (3 to 15 mm) for 0.5 m above the 
flow break. Amber to black, bubble-wall glass shards are contained within a tan, ashy matrix. Lithic 
clasts (2 to 3 percent) are predominantly pale-red, gray, and brown devitrified rock, and rare black 
glass. Crystals of feldspar comprise 2 to 3 percent.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.3 Covered interval.

0.5 Unit B - Pumiceous, well-sorted fallout deposit. Deposit is massive with faint laminations in bottom 
5 to 10 cm. Pumice clasts (70 to 80 percent) are white to gray, vitric, and 2 to 5 mm; some are pink 
and altered (argillic?). Pale-red to gray lithic clasts (20 to 25 percent) are mostly devitrified and 1 to 
3 mm. Crystals (2 to 5 percent) include feldspar.

Yucca Mountain Tuff (Tpy)

1.5 Pyroclastic-flow deposit grades upward from light gray to light yellowish brown with abundant,
colorless, bubble-wall glass shards. The lower contact is sharp with slight undulations at the top of 
unit bt3G; the upper contact is sharp. Crystals of feldspar compose less than 1 percent. Brown to 
gray lithic clasts (less than 1 percent) are devitrified and smaller than 10 mm. Pumice clasts (10 to 
15 percent) are vitric, light gray, smaller than 15 mm, and difficult to distinguish with a hand lens.

The basal 2 to 4 cm of the unit is a ground layer that contains angular, 5 to 15 mm, reddish-gray 
devitrified lithic clasts (15 to 20 percent). Pumice clasts (15 to 20 percent) are light gray and smaller 
than 20 mm. The interval pinches and swells slightly across the exposure.

The upper 30 cm of Tpy is brownish with 7 to 12 percent pumice clasts, up to 40 mm. Vitric, bubble- 
wall shards are present in the matrix. This interval contains 5 to 20 percent white pumice clasts (1 to 
2 mm), derived from overlying units, that are dispersed through the matrix or concentrated in angular 
chunks and pods. Lithic clasts in this interval include angular, dark-gray or brownish to colorless 
glass (the latter are poorly vesicular), and pink to grayish red and devitrified. Round pods (5- to 7-cm 
diameter) of brownish Tpy that contain Tpbt4 pumice occur down to about 30 cm above the Tpy base 
and may represent burrows.
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Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.55 Unit G - Tan, poorly sorted fallout deposit (reworked?) with tan matrix. Slightly rounded pumice
clasts (70 to 80 percent) are vitric, tan to gray, and 3 to 15 mm, rarely to 50 mm. Lithic clasts (10 to 
20 percent) are dominantly gray glass with subordinate gray, brown, and pale-red devitrified volcanic 
rocks (1 to 10 mm). Crystals of feldspar compose 2 to 3 (?) percent. The upper contact is sharp.

0.4 Unit F - Poorly sorted, light-tan to very light-gray fallout deposit with hints of thin bedding. Light- 
gray pumice clasts (80 to 90 percent) are vitric to slightly altered, and 2 to 20 mm. Lithic clasts (10 
to 15 percent) are dominantly gray glass with rare pale-red or gray devitrified clasts (2 to 10 mm). 
Crystals of feldspar compose 2 to 3 (?) percent. Some horizons that contain 2- to 5-mm pumice 
clasts are moderately sorted. The upper contact is undulatory and sharp to gradational along strike.

0.25 Unit D - Moderately sorted, coarse, white to gray fallout deposit. Pumice clasts (80 to 90 percent) 
are white to very light gray, 10 to 30 mm, and vitric. Gray to red devitrified lithic clasts (10 to 
15 percent) contain a distinctive rusty alteration in some horizons; lithic clasts of gray glass (3 to 
10 mm) are rare. Crystals of feldspar compose 2 to 3 (?) percent. The unit is thinly bedded with a 
sharp upper contact.

0.6 Unit C - Poorly to moderately sorted, tan fallout deposit (reworked?). Pumice clasts (80 to
90 percent) are light gray, vitric, and typically finer grained than underlying and overlying beds, 
1 to 5 mm, but occur to 15 mm. Lithic clasts (5 to 10 percent) are mostly gray, brown, and red 
devitrified volcanic rocks, rarely gray glass, and typically 3 to 10 mm, but rarely to 30 mm. Crystals 
of feldspar and oxidized biotite compose 2 to 3 (?) percent. A discontinuous, coarse, and pumiceous 
interval occurs about 5 cm below the top of the unit. The upper contact is sharp; the lower contact is 
gradational.

0.9 Unit B - Poorly sorted, orange-brown fallout deposit (reworked?). The unit is normally graded with 
70 to 80 percent pumice clasts at its base, decreasing to 30 to 40 percent at its top. Pumice clasts are 
vitric, 2 to 20 mm, and light gray with orange rims. Lithic clasts [5 to 10 (?) percent] are pale-red or 
gray devitrified volcanic rocks (smaller than 10 mm), or rare gray glass. Crystals of feldspar com 
pose 5 (?) percent. The amount of orange-brown matrix increases upward. The upper contact is gra 
dational.

0.4 Unit A - Pumiceous, light-gray to grayish-pink fallout deposit. Matrix (10 to 15 percent) is orange- 
pink. Gray to pinkish-gray pumice clasts (70 to 80 percent) are vitric to slightly altered, and 15 to 
25 mm. Lithic clasts (2 to 5 percent) are typically 5 mm and include pale-red devitrified volcanic 
rocks and gray glass. Crystals of feldspar and (rare) oxidized biotite compose 2 to 3 percent. The 
upper contact is gradational.

Pah Canyon Tuff (Tpp)

00.8 Pyroclastic-flow deposit. The lowest 20 cm contains coarse, clast-supported pumice blocks (up to 
150 mm) that overlie a locally preserved, laminated ash approximately 3 cm thick. Pumice clasts are 
vitric, frothy, and light gray with 3 to 5 percent crystals of feldspar and biotite. The unit grades 
upward into a pumiceous, brownish, matrix-supported deposit. Glass shards are not recognized in 
the matrix. Pumice clasts (5 to 50 mm) are light gray, vitric, and frothy; clasts near the top of the for 
mation have a brownish outer rind. Crystals of feldspar and oxidized biotite compose 5 (?) percent. 
Gray lithic clasts (less than 5 percent) are devitrified and smaller than 20 mm. The upper contact is 
irregular.
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Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

0.45 Unit D - Line of section is offset 15 m to south. Thickness of unit D increases to 1.15 m along offset.

Brown, poorly sorted, reworked (?) deposit contains microvesicular, light-gray pumice clasts (20 to 
30 percent) which are vitric, nondeformed, and smaller than 20 mm. Pink pumice clasts (10 to 
15 percent) are smaller than 15 mm. Crystals of feldspar and biotite compose 7 to 10 percent. Lithic 
clasts (10 to 15 percent) include altered, reddish clasts possibly derived from the substrate, gray and 
red devitrified clasts, and black porphyritic glass (smaller than 15 mm). The upper and lower con 
tacts are sharp.

3.65 Unit C - Light-gray, vitric, massive, nonwelded pumice-fall deposit. The unit is poorly sorted but 
clast supported. Nondeformed pumice clasts are light gray to white, smaller than 20 mm, and vitric. 
Lithic clasts (5 percent) include reddish-gray to grayish-brown devitrified volcanic rocks, and black 
porphyritic glass (all are smaller than 20 mm). Lithic-clast content increases to 10 to 15 percent with 
abundant glass in the top 1 m. Crystals of feldspar with subordinate biotite and rare pyroxene com 
pose 5 to 7 percent. Red, argillic alteration is well developed in upper 1 m of unit. The upper contact 
is sharp; the lower contact grades over approximately 30 cm based on color change.

1.2 Unit B - Altered, brownish, nonwelded pumice-fall deposit. The unit is poorly sorted. Ash layer 1, 
which occurs 25 cm above the base of the unit, is continuous over the length of the exposure. Ash 
layer 1 is a pink ash overlain by a thin layer of devitrified and glassy lithic clasts. The abundance of 
glassy lithic clasts within unit B increases sharply above the ash layer. Gray pumice clasts have dis 
tinct margins, whereas predominant brownish-yellow pumice clasts have indistinct margins. Lithic 
clasts (10 to 20 percent) include red and gray devitrified volcanic rocks, brown and black porphyritic 
glass, and rare red tuff. Lithic clasts typically are 3 to 20 mm, but occur to 40 mm. Crystals of feld 
spar with rare, oxidized biotite, and pyroxene compose 5 to 7 percent.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv)
Non- to partially welded subzone (Tptrv3) [Tpbt2A]

1.2 Crudely layered, non- to partially welded, pumice-fall deposit. The unit is poorly sorted. Gray and 
brown, vitric pumice clasts (mostly smaller than 25 mm, but to 120 mm) are non- to partially 
deformed. The percentage of brown clasts increases upward. Lithic clasts (10 to 15 percent) are 
mostly red and gray devitrified volcanic rocks with rare, black porphyritic glass; clasts of red, altered 
tuff occur near the top of the unit. Crystals (5 to 10 percent) include predominant feldspar with rare 
oxidized biotite and rare pyroxene. Gray pumice clasts are altered to pink near top of unit. The 
upper contact grades over approximately 50 cm.

Moderately welded subzone (Tptrv2) [Tpbt2A]

1.3 Moderately welded pumice-fall deposit. The unit is poorly sorted with vitric, gray to brown,
deformed pumice clasts. Pumice clasts typically are smaller than 20 mm (long axis), but occur to 
5 x 40 mm. Lithic clasts (5 to 10 percent) are red to gray devitrified volcanic rocks (3 to 30 mm). 
Crystals (less than 5 percent) include feldspar and subordinate oxidized biotite. Pumice clasts in the 
top 50 cm of the unit are corroded and replaced by vapor-phase minerals; the matrix appears silici- 
fied. The upper contact (defined by welding) grades over approximately 50 cm; lower contact sharp.

Densely welded subzone (Tptrv 1)

Densely welded pyroclastic-flow deposit. The unit is a reddish-brown glass with black fiamme. 
Welded pumice blocks are brown to black, and highly elongate with long axes to 200 mm. Crystals 
of feldspar, rare biotite, and rare pyroxene compose 12 to 15 percent. Upper contact is sharp.

Base of section
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Section PTN#8A - Unit thicknesses approximately 30 meters north of Section PTn#8

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor vitric zone (Tpcpv) 

3.7 Moderately welded subzone (Tpcpv2) 

2.4 Non- to partially welded subzone (Tpcpvl)

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4) 

0.9 Unit B 

1.5 Yucca Mountain Tuff (Tpy)

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3) 

0.35 Unit G 

0.3 Unit F 

0.35 Unit D 

0.3 Unit C

0.6 Unit B - Unit is partially covered. 

0.2 Covered interval. 

0.7 Pah Canyon Tuff (Tpp)

Pre-Pah Canyon Tuff bedded tuff (Tpbt2) - Ash layers 1 and 2 were not found. 

0.2 Unit D 

4.8 Unit C 

1.5 UnitB

Unit A - See below

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv)

0.2 Non- to partially welded subzone (TptrvB) [Tpbt2A] 

0.35 Covered Interval

0.35 Moderately welded subzone (Tptrv2) [Tpbt2A] 

0.7 Covered Interval

Densely welded subzone (Tptrv 1)

Base of section
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Measured stratigraphic section on the eastern side of Solitario Canyon (section PTn#9)

Location description: East side of Solitario Canyon, section was measured in gully with good exposures. The 
section is in the same location as hydrologic properties traverse SB 6 (Rautman and others, 1995).

Approximate location of top of section: N760700 E557600 (Nevada state coordinate system), elevation 
4,500 ft.

Strike and dip of bedding: 29°, 6° (E) on laminations in the base of Tpbt4 unit B. 

Line of section: 112°, dip in line of section is approximately 5.5°.

Note: The unit descriptions listed below are abbreviated. Full unit descriptions can be found in measured 
sections PTn#l-PTn#6.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor vitric zone (Tpcpv) 
Densely welded subzone (Tpcpv3)

Approximately 80-cm-thick, densely welded pyroclastic-flow deposit with preserved vitroclastic 
texture.

Moderately welded subzone (Tpcpv2)

3.0 Tan to orange, moderately welded pyroclastic-flow deposit. Unit becomes densely welded at upper 
contact. Upper contact is gradational.

Non- to partially welded subzone (Tpcpvl)

3.1 Tan, non- to partially welded pyroclastic-flow deposit. Scattered, very large (up to 7 x 16 cm) 
pumice clasts near base of unit. Upper contact is gradational.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

1.7 Unit B - Pumiceous fallout deposit, light gray to pinkish gray at top. Pumice clasts are 1 to 3 mm. 
Bottom 5 to 10 cm of unit contains horizontal laminations that may represent a pyroclastic-surge 
deposit. A 50-cm-thick interval in the middle of unit contains faint horizontal to cross (?) lamina 
tions. Upper contact is sharp.

Yucca Mountain Tuff (Tpy)

0.8 Basal ground layer overlain by approximately 30 cm of light-tan, non-welded pyroclastic-flow
deposit. The upper part of the unit is tan-brown, appears disturbed, and contains burrow (?) struc 
tures. The upper part of the unit also contains scattered large (few centimeters) lithic clasts, some of 
poorly vesiculated glass. Upper contact is sharp.

Pre-Yucca Mountain Ifcff bedded tuff (Tpbt3)

0.6 Unit G - Poorly sorted, tan, pumiceous, reworked (?) fallout deposit. Upper contact is sharp.

0.25 Unit F - Fine to coarse, poorly to moderately sorted, pumiceous fallout deposit. Unit contains 
distinctive lithic clasts of gray glass. Upper contact is sharp and undulatory.

0.4 Unit D - Coarse, pumiceous, moderately to well-sorted fallout deposit with distinctive lithic clasts of 
devitrified volcanic rock that locally show rusty alteration. Upper contact is sharp.
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0.45 Unit C - Tan, moderately to poorly sorted, reworked (?) fallout deposit. Pumice clasts are 1 to 5 mm. 
Upper contact is sharp.

0.95 Unit B - Normally graded, poorly sorted, orange-brown, reworked (?) fallout deposit. Pumice
clasts decrease in abundance upward and are 1 to 15 mm. Unit is cut by several small faults with 
approximately 10 cm of displacement. Upper contact is gradational over approximately 5 cm.

0.75 Unit A - Moderately to well-sorted, pumiceous fallout deposit, white to orange-brown at top. Upper 
contact is poorly exposed.

Pah Canyon Tuff (Tpp)

1.1 Pyroclastic-flow deposit. Unit is matrix supported with scattered large pumice clasts. Light-gray
pumice clasts, many with reddish-brown rinds, compose 25 to 35 percent of the unit and have diam 
eters to 13 cm. Matrix is sandy; glass shards are not observed. Lithic clasts (2 to 3 percent) include 
red and gray devitrifled volcanic rocks smaller than 15 mm. Crystals (7 to 10 percent) include 
feldspar and biotite. Lithic-clast and crystal content increases in the basal 10 cm of unit (to 10 to 
15 percent each). The upper contact is sharp and irregular.

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

5.1 Unit C - Light-gray, massive, clast-supported fallout deposit with vitric pumice clasts. Lithic clasts 
include abundant black, gray, and brown glassy clasts and red, pink, and gray devitrified volcanic 
rock. The unit is poorly sorted. Ash layer 2, 2 cm thick with pink ash and glassy lithic clasts, is 
poorly exposed and located approximately l.lm above base of unit. Poorly developed red alteration 
is present in the upper meter of unit. Upper contact is sharp.

1.9 Unit B - Nonwelded, clast-supported fallout deposit. Silicified or vapor-phase (?) corroded zone,
15 cm thick, located approximately 0.85 m above base of unit. Pumice clasts are brown, some light 
gray, and altered (?). Corroded pumice clasts have microscopic vapor-phase crystals. Lithic clasts 
are predominantly reddish gray and devitrified; hypabyssal (?) clast found approximately 10 cm 
above basal contact. Crystals include feldspar, bronze (altered) biotite, and rare pyroxene. This unit 
is poorly sorted. Upper contact is gradational over approximately 30 cm.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv)
Non- to partially welded subzone (Tptrv3)

1.8 Unit A - Nonwelded fallout deposit. Porous, non- to slightly deformed, vitric pumice clasts, domi- 
nantly gray with lesser brown. The unit is moderately to poorly sorted. Upper contact is gradational 
over approximately 20 cm.

Moderately welded subzone (Tptrv2) 

0.4 Covered interval.

0.1 Moderately welded, gray fallout deposit with deformed, vitric pumice clasts, minor porosity. 

0.6 Covered interval.

Densely welded subzone (Tptrv 1)

Brownish-red, crystal-rich vitrophyre.

Base of section
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Measured stratigraphic section on the eastern side of Abandoned Wash (section PTn#10)

Location description: East side of Abandoned Wash across from the first prominent east-trending wash, south of 
the neutron borehole complex, the section was measured on an outcrop with good exposures.

Approximate location of section: N754150 E560500 (Nevada state coordinate system), elevation 4,340 ft at 
top of section.

Strike and dip of bedding: 344°, 7° (E) on parting in Tpbt3 unit D.

Line of section: Lower part of section: 95°, dip in line of section is approximately 5.5°. Upper part of section: 
85°, dip in line of section is approximately 6°.

Note: The section was measured from the top of Tptrvl to the Tpbt2-Tpbt3 contact, then offset approximately 
20 m southward along this contact. The Tpbt2C-bt2D contact is covered at the northern location, but was 
excavated at the southern location. The thickness of Tpbt2 unit D was measured down from the Tpbt2-Tpbt3 
contact at the southern location and its thickness computed into the section. The section was also offset a few 
meters northward along the Tpbt3 unit B-unit C contact; the line of section did not change at this offset.

The unit descriptions listed below are abbreviated. Full unit descriptions can be found in measured 
sections PTn#l-PTn#6.

Stratigraphic
Thickness
(meters)

Top of section
Tiva Canyon Tuff (Tpc)

Crystal-poor lower nonlithophysal zone (Tpcpln) 
Columnar subzone (Tpcplnc)

Crystal-poor vitric zone (Tpcpv) 
Moderately welded subzone (Tpcpv2)

1.8 Moderately welded pyroclastic-flow deposit. Brownish-orange, vitric matrix contains abundant 
deformed amber glass shards. The unit is poorly exposed but appears moderately welded at the 
upper contact where the rock becomes devitrified. Upper contact is poorly exposed.

2.3 Covered interval.

Non- to partially welded subzone (Tpcpv 1)

2.95 Non- to partially welded pyroclastic-flow deposit. Brownish-orange-yellow, vitric matrix contains 
abundant, nondeformed, amber glass shards. Pumice clasts (10 to 15 percent) are vitric and smaller 
than 15 mm. Lithic clasts (3 to 5 percent) include gray to red devitrified volcanic rock (smaller than 
5 mm), gray glass (rare) and brown, moderately welded, vitric tuff (to 25 mm). Basal 10 cm is a 
well-developed, coarse ground layer. Upper contact is covered.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.5 Unit B - Pumice-fall deposit. Well-sorted, white to light-gray pumice with a pink (paleosol) at top. 
Massive with faint laminations in the lowest 5 cm of unit. Upper contact is sharp.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.4 Unit G - Reworked (?) fall deposit. Poorly sorted, brown, clast-supported deposit. Upper 15 cm is 
very disturbed with lenticular structures and burrows (?) filled with pumice from the overlying unit. 
Upper contact is sharp to disturbed and gradational.
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0.25 Unit F - Pumice- and lithic-fall deposit. Tan to gray, poorly to moderately sorted, thinly bedded to 
laminated deposit. Unit is composed of vitric pumice and distinctive lithic clasts of gray glass. 
Upper contact grades over 10 to 15 cm.

0.55 Unit D - Pumice- and lithic-fall deposit. Moderately sorted, thinly bedded deposit. Light-gray, vitric 
pumice clasts (70 to 80 percent) are typically 3 to 10 mm. Distinctive lithic clasts of gray to red 
devitrified volcanic rock locally have rusty alteration. Upper contact is sharp.

0.35 Unit C - Possibly reworked fall deposit. Moderately sorted deposit that grades upward from brown 
ish gray to brown and that contains pumice clasts of 1 to 3 mm. Middle of unit has a discontinuous, 
5-cm-thick pumice- and lithic-rich layer with pumice clasts to 20 mm. Top of unit appears weath 
ered or reworked; upper contact is sharp.

SECTION IS OFFSET APPROXIMATELY 5 METERS NORTHWARD

0.85 Unit B - Reworked (?) fall deposit. Normally graded, poorly sorted, orange-brown deposit is poorly 
exposed except in the upper 30 cm. Light-gray, vitric to altered pumice clasts decrease in abundance 
upward and are 3 to 15 mm. Top of unit has round burrow (?) structures filled with material from 
the overlying unit. Upper contact is gradational over approximately 10 cm and appears locally dis 
turbed.

0.45 Unit A - Nonwelded pumice-fall deposit. White to light-gray, vitric to slightly altered pumice clasts 
(90 percent), typically 5 to 15 mm. Crystals (5 to 10 percent) of feldspar and bronze biotite. Upper 
contact grades over approximately 20 cm.

SECTION IS OFFSET APPROXIMATELY 20 METERS SOUTHWARD 

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

0.85 Unit D - Reworked (?) deposit. Pinkish-brown, matrix-supported, poorly sorted deposit with a fine 
sandy matrix. Unit contains light-gray to pinkish-gray pumice clasts with orange weathering rind 
(15 to 25 percent; 1 to 10 mm), lithic clasts (3 to 5 percent) of gray and brown devitrified volcanic 
rock, and crystals of feldspar, oxidized biotite, and possible pyroxene (7 to 10 percent). Unit is 
poorly exposed; upper contact is sharp.

5.35 Unit C - Nonwelded pumice-fall deposit. Light gray to buff, massive to crudely layered in upper
3 m, clast-supported deposit. Nondeformed, vitric pumice clasts are light gray, typically 5 to 20 mm 
(up to 50 mm). Lithic clasts (5 to 10 percent) of black porphyritic glass and red and gray devitrified 
volcanic rock (3 to 10 mm); crystals (7 to 10 percent) of feldspar, biotite, and rare pyroxene. The 
unit is poorly sorted. Weakly developed red alteration is present in the poorly exposed upper meter 
of unit. Upper contact was excavated from hillside.

1.7 Unit B - Nonwelded pumice-fall deposit. Poorly sorted, moderate brown deposit with clasts of mod 
erate brown and light-gray, vitric to altered (?), nondeformed pumice (5 to 25 mm). Lithic clasts (5 
to 10 percent) of red to gray devitrified volcanic rock typically smaller than 7 mm. Crystals of feld 
spar, biotite, and rare pyroxene (5 to 7 percent). Upper contact is gradational over approximately 
30 cm. Ash layer 1 occurs at the upper contact. It is a 1-cm-thick layer of reddish ash overlain by a 
millimeter-thick layer of devitrified lithic clasts. Layer eroded from along bedding parting; layer was 
excavated from hillside.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv)
Non- to partially welded subzone (TptrvS)
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1.45 Unit A - Non- to partially welded pumice-fall deposit. Clast-supported, pinkish-gray/brown, non- 
deformed, vitric pumice typically 5 to 15 mm (up to 40 mm). Crystals of feldspar and subordinate 
biotite compose 2 to 4 percent; lithic clasts (5 to 10 percent) of gray and red devitrified volcanic rock. 
Unit becomes less welded upward and has abundant intragranular porosity. Upper contact is grada- 
tional over approximately 50 cm.

Moderately welded subzone (Tptrv2)

0.1 Moderately welded pumice-fall deposit. Clast supported with deformed, vitric, pinkish-gray/brown 
pumice clasts typically 10 to 15 mm. Crystals of feldspar compose 2 to 3 percent; lithic clasts of 
devitrified lava. Unit has minor porosity. Upper contact grades over approximately 20 cm.

0.45 Covered interval.

0.0 Densely welded subzone (Tptrvl)

Densely welded pyroclastic-flow deposit. Black to reddish-brown, crystal-rich vitrophyre with black 
to brownish-red fiamme. Grades upward into pinkish-gray glass with large (to 200 mm), reddish- 
brown, crystal-rich fiamme. Upper contact not exposed.

Base of section

Measured stratigraphic section on the eastern side of Solitario Canyon (section PTn#11)

Location description: Section was measured in gully on east side of Solitario Canyon with excellent exposures 
and interesting bedding geometries near the top of the PTn unit. The section is in the same location as hydro- 
logic properties traverse SB 12 (Rautman and others, 1995).

Approximate location of section: N761100 E557700 (Nevada state coordinate system), elevation 4,560 ft at 
top of section.

Strike and dip of bedding: 4°, 8° (E) are average values taken from four measurements. 

Line of section: 95°, dip in line of section is approximately 8°.

Note: Unit thicknesses from the base of the section to the top of Tpbt3 unit B were measured using a Jacob's 
staff. Units Tpbt3 unit C to unit G were measured with a meter tape at optimal locations on the outcrop. Tpy 
and Tpbt4 unit B were measured using a Jacob's staff at both the north and south end of the outcrop to docu 
ment lateral variability. Unit thicknesses in Tpcpv were measured using a Jacob's staff.

Note: The unit descriptions listed below are abbreviated. Full unit descriptions can be found in measured 
sections PTn#l-PTn#6.

Stratigraphic
Thickness
(meters)

Tiva Canyon Tuff (Tpc) 
Top of section

Crystal-poor lower nonlithophysal zone 
Columnar subzone (Tpcplnc)

Crystal-poor vitric zone (Tpcpv) 
Moderately welded subzone (Tpcpv2)

4.5 Yellow to orange-tan, moderately welded pyroclastic-flow deposit. Welding increases upward and 
unit is densely welded at the upper contact. Lithic and pumice clasts as below.
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Non- to partially welded subzone (Tpcpvl)

2.1 Yellow-brown, non- to partially welded pyroclastic-flow deposit. Matrix contains abundant amber 
glass shards. Basal 15 20 cm is a ground layer with 50-60 percent pumice clasts, up to 60 mm. 
Above the ground layer, pumice clasts (15-30 percent) are gray to grayish pink and altered or grayish 
yellow and vitric, 2-15 mm. Lithic clasts (2-3 percent) are dark reddish gray or brown and devitri- 
fied.

Pre-Tiva Canyon Tuff bedded tuff (Tpbt4)

0.75-1.75 Unit B - Light-gray pumiceous deposit. Pumice clasts (90-95 percent) are typically white to light 
gray, 1-3 mm, and vitric. Basal 5-10 cm of the unit is laminated (surge deposit?). Laminae pinch 
and swell around blocks of Tpy. Coarser pumice clasts (2-10 mm) are found behind blocks of 
Tpy and may represent deposition in "eddies." Above the laminated horizon is 50-60 cm of 
massive fallout deposit. On the north side of the outcrop, where the unit is thinner, there are a few 
faint horizontal laminae in the middle of the fallout deposit, and the top of the unit is marked by a 
pink paleosol (?). On the south side of the outcrop, where the unit is thicker, the fallout deposit is 
overlain by approximately 75 cm of cross-laminated tuff (eolian deposit?); cross laminae are oriented 
40°, 35° (E). Cross laminae appear to pinch and swell. Overlying the cross laminae is 20 40 cm of 
massive tuff with a pink paleosol (?). See figure 6 in text.

Yucca Mountain Tuff (Tpy) and the post - Tpy interval

1.25-0.2 This interval consists of the primary pyroclastic-flow deposit of Tpy, which pinches out on the north 
side of the outcrop, and a brown tuff above Tpy that is continuous across the outcrop. Tpy appears 
to be brecciated on the north side of the outcrop, with fill of the brown tuff around angular clasts of 
Tpy. On the south side of the outcrop, blocks of Tpy (up to 20 x 70 cm), eroded from the pyroclastic- 
flow deposit, are contained in the brown tuff, at the contact between the brown tuff and overlying 
Tpbt4B, and within the base of Tpbt4 unit B. The brown tuff also truncates underlying units Tpbt3 
unit D, F, and G. See figure 6 in text.

Tpy is a yellow-brown pyroclastic-flow deposit with abundant glass shards and minor amounts of 
pumice and lithic clasts. The post-Tpy brown tuff contains 5 20 percent pumice clasts that are light 
gray or tan, some with brown rims, 1 20 mm. Lithic clasts in the brown tuff (10-25 percent) include 
gray to red devitrified volcanics, red altered tuff with bronze biotite, perlitic glass, debris from bt3G, 
tan-gray and pinkish-gray, poorly vesiculated glass, and colorless glass; 10-50 mm.

Pre-Yucca Mountain Tuff bedded tuff (Tpbt3)

0.35 Unit G - Reworked (?), brown, poorly sorted fallout deposit. Pumice clasts (70-80 percent) are gray 
or pinkish gray, many with tan rims, 2-20 mm. Upper contact is locally erosional.

0.3 Unit F - Gray to tan, poorly sorted fallout deposit with faint bedding. Lithic clasts (20-30 percent) 
include dominant distinctive gray glass. Pumice clasts (70-80 percent) are vitric, light gray, locally 
with tan rims. The upper contact grades over approximately 10 cm and is locally erosional.

0.4 Unit D - Light-gray, moderately to poorly sorted fallout deposit. Unit is thinly bedded. Lithic 
clasts (15-20 percent) are dominantly dark-red, gray, and brown devitrified volcanic clasts, less 
than 10 mm; locally, clasts have distinctive rust-colored alteration. Upper contact is sharp and 
locally erosional.

0.45 Unit C - Reworked (?), tan, pumiceous, moderately sorted fallout deposit. Pumice clasts 
(80-90 percent) are light gray and vitric, 1 3 mm, up to 15 mm. Upper contact is sharp.

0.5 Unit B - Reworked (?), orange-brown, poorly sorted fallout deposit. Unit is poorly exposed.
Pumice clasts (25 30 percent) are light gray with orange-brown rims and are vitric. Lithic clasts 
(3-5 percent) are typically devitrified, dark red or gray, and less than 5 mm. Upper contact is grada- 
tional over 10-15 cm.

1.2 Covered interval.
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Pah Canyon Tuff (Tpp)

1.35 Light-gray pyroclastic-flow deposit, massive with crude reverse grading (?). Matrix is light gray, 
granular, and vitric (?). Pumice clasts at the base are 5 30 mm and light gray with rare crystals. 
Pumice clasts at the top of the unit are 5 200 mm, many greater than 50 mm, with crystal "clots" of 
feldspar and biotite. Crystals (7 10 percent) include feldspar and rare oxidized biotite. Lithic clasts 
(2-3 percent) are red, devitrified, and less than 5 mm. Upper contact is not exposed.

Pre-Pah Canyon Tuff bedded tuff (Tpbt2)

0.55 Unit D - Poorly sorted, matrix-supported tuff with an orange-brown, granular, vitric (?) matrix. Pum 
ice clasts (20-30 percent) are light gray, 3-30 mm, and vitric. Lithic clasts (2 4 percent) are domi- 
nantly gray and devitrified, with rare black glass, 3-7 mm. Crystals (5-7 percent) include feldspar, 
lesser biotite, and rare pyroxene.

1.25 Unit C - Poorly sorted, altered, clast-supported fallout deposit. Pumice clasts are brownish yellow, 
5-50 mm, and subangular. Lithic clasts (5-10 percent) include abundant black porphyritic glass, 
5-60 mm, and smaller (5-20 mm) pink and white devitrified volcanics. Pinkish stains and alteration 
occur along clast boundaries. Crystals (5 7 percent) include predominantly feldspar and lesser 
oxidized biotite. The upper meter of the unit is coarse with crude bedding; though reddish, it does 
not appear to contain clays. Upper contact is sharp and relatively flat.

1.6 Covered interval.

0.3 Unit C - See description above

1.2 Unit B (?) - Orange-brown fallout deposit. Abundant light-gray pumice clasts. Lithic clasts
(2 4 percent) are dominantly gray to red and devitrified, rare black glass, less than 15 mm. Crystals 
(7-10 percent) include feldspar, lesser oxidized biotite, and rare pyroxene. Upper contact is indis 
tinct.

1.5 Covered interval.

Topopah Spring Tuff (Tpt)

Crystal-rich vitric zone (Tptrv)
Non- to partially welded subzone (Tptrv3) and bt2-UnitB

2.1 Unit B - Poorly exposed, moderate red to orange-brown, intensely altered fallout deposit. Alteration 
locally obliterates pumice-clast textures. Crystals (5 10 percent) include unaltered feldspar and 
pyroxene, and oxy-biotite. Local silicified horizons weather into ledges about 30 cm thick. Reddish- 
brown, "cherty" float may indicate an ash layer.

Moderately welded subzone (Tptrv2) and bt2-UnitA 

1.1 Covered interval.

0.2 Unit A - Clast-supported fallout deposit. Vitric pumice clasts are slightly deformed, less than
15 mm, and predominantly gray and brown. Lithic clasts (2-4 percent) are all less than 5 mm, red, 
gray, or pink and devitrified, with rare black or brown glass. Crystals (1 2 percent) include feldspar. 
Intragranular porosity is present.

1.0 Covered interval.

Densely welded subzone (Tptrv 1)

Black to reddish-brown, densely welded vitrophyre. Black and brown fiamme (12 15 percent) are 
up to 40 mm. Crystals include dominant feldspar and rare oxidized biotite and pyroxene. Top of unit 
is covered.

Base of section
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Appendix 3 Depth to Lithostratigraphic Contacts in Boreholes at Yucca Mountain, Nevada
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